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HALF-LIFE AND DECAY OF NIOBIUM-94* 


R. P. SCHUMAN and P. Goris 


Phillips Petroleum Company, Atomic Energy Division, Idaho Falls, Idaho 
(Received 23 February 1959; in revised form 31 March 1959) 


Abstract—The specific activity of **Nb has been determined by counting and mass-analysing two 
samples of reactor-irradiated niobium. The 8-half-life of is (2:03--0-16) « 104 years. **Nb 
emits 703 + 5 keV and 874 + 5 keV y-rays with 100 per cent abundance: the 1580 keV crossover 
y-ray has an abundance of < 0-05 per cent. The K electron capture branching of **Nb is < 6 per cent 
of the 8-decay. The y-spectrum of 6°6 min **"Nb has also been studied. 


Tue long-lived ground state of **Nb, which is produced in neutron irradiated niobium, 
has been observed previously'®) These previous investigators obtained the half- 
life from the activity of “Nb, the integrated flux (nvt), of the irradiation, and an 
absorption cross-section of 1-1 + 0-1 barns for Nb. 

This laboratory has two samples of niobium which have received a much greater 
integrated flux than the samples previously studied, and which contain a sufficient 
percentage of Nb for accurate mass spectrometric analysis. These samples have 


been mass-analysed and counted, and a more precise half-life has been determined for 
*“INb. The energies and abundancies of the **Nb y-rays have been redetermined. 

The samples of spectroscopically pure niobium metal were irradiated in the 
Materials Testing Reactor to a total nvt of ~ 6 « 102! and ~12 « 102! neutrons/cm2 
respectively. The irradiation of the samples ended three years prior to the specific 
activity determinations, allowing 35 day Nb (due to second order capture) and 
112 day '8*Ta (from the activation of tantalum impurity) to decay essentially to 
zero activity. Even without further purification, the samples were radiochemically 
pure “Nb plus "Nb. 

The niobium was mass-analysed with a 60° single focusing mass spectrometer 
having a surface ionization source.’ The ion source consisted of 50 to 100 pg of the 
irradiated metal powder on a heated tantalum filament: the beam was analysed for 
Nb* ions. Three mass peaks were found for the irradiated samples: the largest peak 
at mass 93 due to stable niobium, a small peak at mass 94 due to “Nb, and a very 
small peak at mass 95 due to ®Mo produced by the decay of ®Nb second order 
capture product; no other molybdenum peaks were observed. The mass-analysis of 
unirradiated niobium showed only the mass 93 peak. Chemical analysis showed the 
presence of about 0-01 per cent of molybdenum in the most highly irradiated niobium. 


* Work performed under the auspices of the U.S. Atomic Energy Commission 
D. L. Doucias, A. C. Mewnerter and R. P. ScHUMAN, Phys. Rev. 92, 369 (1953) 
M. A. Rover and E. Saetanp, Phys. Rev. 94, 1079 (1954), 
(3) M. A. Rover, E. Saetanp, A. MorpuGo and A. CaGuierts, Acta Chem. Scand 9, 57 (1955) 
‘) D. J. HuGues et al., U.S.A.E.C. Report AECU-2040 (1952) 
(5) M. W. Ecno and T. D. MorGan, Analyt. Chem. 29, 1593 (1957) 
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The irradiated niobium samples contain “*Nb produced by neutron capture, 
and also "Nb, produced by the inelastic scattering of fast neutrons."®’ The **Nb 
decays by the emission of a 0-50 MeV §-ray and 703 keV and 874 keV y-rays in 
cascade.'!~*) The *”Nb decays by the emission of conversion electrons and niobium 
X-rays from a 30-4 keV level.’ The presence of "Nb precludes the use of 47 
counting for the determination of the specific activity of **Nb; consequently, the 
specific activity was determined by absolute y-counting and by end-window §8-counting 
through sufficient absorber to eliminate "Nb radiations. 

The y-counts were made with a 3in. « 3in. Nal(Tl) crystal and either a 20 
channel or a 256 channel pulse-height analyser. The scintillation spectrometers had 
typical resolutions (full width at half-maximum) of &-3 per cent for the 703 keV 
y-ray and 7-8 per cent for the 874 keV y-ray. The samples were placed 10-0 cm from 


TABLE | ACTIVITY OF A THIN “*Nb SAMPLE 


Type of ray Absolute emission rate 


0-50 MeV §-ray 10° min 
874 keV y-ray 2 10° y/min 
703 keV y-ray 105 »/min 


the crystal, a plastic absorber interposed to stop 8-rays, and the counting rate of each 
photopeak determined. The absolute y-emission rates were calculated from the photo- 
peak counting rate, the experimental peak to total ratios, the calculated counting 
efficiencies, and the y-absorption in the plastic absorber."* It has been shown'*? 
that the y-emission rates obtained in this manner are accurate to better than 5 
per cent. As a check, the 662 keV y-emission rate of a + 5 per cent ™’Cs source, 
the strength of which had been calibrated against a Bureau of Standards !“’Cs standard, 
was determined by the above method and agreed within three per cent of the reported 
value. 

The niobium §-counting rate determinations were made with a thin-window 
proportional counter, and the rates were compared with a !°Cs source which had been 
calibrated by y-counting. The niobium samples for 8-counting were very thin NbeOs, 
mounted and counted in the same way as the '’Cs standard. 

The abundances of the **Nb §-ray and y-rays were also redetermined. The y- 
scintillation spectrum of **Nb was measured with the sample at various distances 
from the crystal. A 1580 keV peak was observed which disappeared at large distances, 
indicating an abundance of less than 0-05 per cent for the crossover y-ray; the 1580 
keV peak observed at short distances was therefore a coincidence sum peak. Alumin- 
ium absorption measurements on the niobium §-rays did not show any §-ray of 
energy greater than 0-50 MeV (detection limit 2 per cent of the 0-50 MeV 8-). The 
absolute y-emission rates, determined by scintillation counting agreed within experi- 
mental error with the 8-disintegration rates, determined with an end-window propor- 
tional counter calibrated with a 1°7Cs standard (see Table 1). §-scintillation spectra 


6) R. P. Schuman, Phys. Rev. 96, 121 (1954). 
7) D. Stromincer, J. M. HOLLANpeR and G. T. SeaporG, Rev. Mod. Phys. 30, 585 (1958). 
8) R. L. Heatu, U.S.A.E.C. Report IDO-16408 (1957). 
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Half-life and decay of niobium-94 
of *Nb showed no detectable conversion electrons, (e/y < 0-02), from the 703 and 


874 keV y-rays. The 874 keV y-ray, which is also observed in “Tc decay, is re- 
ported’ to have a conversion coefficient of 10~*. It thus appears that the 8-decay 


TABLE 2.—DETERMINATION OF SPECIFIC ACTIVITY OF NIOBIUM SAMPLES 


Irradiation, nvt 703 ke\ 874 keV 
Counting sample 
(neutrons cm*) (y, sec, mg) (y Sec, mg) 
a 102! A 58,300 57,040 
B 58,610 57,200 


58,410 56,900 


Average 58,440 57,050 + 


110,100 106,000 
107,800 106,400 
110,300 106,800 
109,800 107,600 
110,900 108,800 
110,900 109,200 


Average 110,000 1,100 107,500 
108,700 1,700 


* Measured with another spectrometer 


TABLE 3.—HALF-LIFE OF 


Average “' Nb 
A bundance 


Sample nvt of “Nb 


(neutrons cm*) 


disintegration rate “Nb half-life 
(disintegration se (years) 


mg Nb) 
0-06 57.750 
0-07 108,700 
O11 


Average 


of “Nb proceeds by the emission of 0-50 MeV §-rays followed by essential uncon- 
verted 703 keV and 874 keV y-rays in cascade. Thus the emission rate of each of the 
two y-rays is the same (within 2 per cent) as the §-disintegration rate. The specific 
y-activities for the half-life determinations were measured on weighed samples 
of niobium metal; these samples were somewhat thick for accurate end-window 
8-counting. The results and standard deviations of the specific activity measurements 
are summarized in Table 2. The mass analysis results and the calculated half-life are 
given in Table 3. The half-life of **Nb for 8-decay is (2-03 + 0-16) » 10* years. 


H. Mepicus, P. Preswerx and P. Helv. Phys. Acta 23, 299 (1950) 


| 30 
$7,750 700 
~ 12 10?! \ 
\* 
B 
B* 
Vol. $$ 
12 
59/60 
~ 6 10°! 0-813 2:00 10° 
~ 12 10"! 1-52 700 1-99 104 
1-604 2-10 10° 
203 10 
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The energies of the **Nb y-rays have been redetermined by comparison with the 
511-0 keV annihilation radiation, the 661-6 keV '°Cs y-ray, the 569-7 keV, 1064 keV 
and 1771 keV 2°’Bi y-rays, and the 1172-8 keV and 1332.5 keV ®Co y-rays.'”) The 
*INb y-ray energies are 703 + 5 keV and 874 + 5 keV. 

The mass difference, **Zr—**Mo, given in the literature, is equivalent to 1-14 
0:20 MeV."° Therefore, the electron-capture decay of **Nb is energetically possible 
with an estimated decay energy of 0-9 +- 0-3 MeV. Since the level spacings of the 


even-even nuclides in the region of “Zr are large,’’ it is expected that the electron 


capture decay of **Nb will be energetically possible only to the ground state and 


possibly the first excited state (most likely 2—-) of “Zr. Thus, on the basis of the highly 


forbidden 8-decay to the ground state and the 2 state of ®*Mo, it is expected that 
\ p 


electron capture to “Zr will be highly forbidden, and so the electron capture branching 


of *4Nb will be very small (<< | per cent of the 8-decay) 


94 94 


Nb Mo 


6-6 min 


2:03x10° sa 


(100%) 


Fic. 1.—Decay scheme of “*Nb, energies in MeV. 


The A X-ray spectra of the niobium samples have been determined using a Nal(T1) 
crystal with a beryllium window; no attempt was made to look for L X-rays. The 
spectrometer had a resolution, full width at half-maximum, of about 33 per cent for 
the niobium X-rays. The spectra are indistinguishable from the niobium K X-ray 
spectra of “Mo, decaying by electron capture, and "Nb, decaying by isomeric 
transition. Comparison of Sr X-ray spectra with Nb X-ray spectra shows that the 
spectrometer should distinguish between Zr X-rays and Nb X-rays. Since the X-ray 
emission rate of the Nb2Os; sample is 30 per cent of the 8-disintegration rate of **Nb, 
and the X-rays are mainly niobium X-rays from *°"Nb, the K-electron capture branch- 
ing of **Nb cannot be more than a small fraction of 30 per cent of the 8-decay. The 
K capture branching is probably less than 6 per cent of the §-decay. 

In order to obtain a more complete picture of the decay of ®*Nb, the scintillation 
spectrum of 6°6 min "Nb has been studied. The spectrum showed intense niobium 
K X-rays, a low intensity 41 + 3 keV y-ray and a 874 + 10 keV y-ray; no attempt was 


(10) J. S. Geicer, B. G. Hocc, H. E. Duckwortu and J. W. Dewoney, Phys. Rev. 89, 621 (1953). 
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made to look for L X-rays. In order to see if there is ~decay to the 1577 keV level in 
"Mo, we have looked for the 703 keV y-ray. No photopeak could be seen at this 
energy; however, the peak-to-valley ratio of the 874 keV - -ray 1S not quite as large as 
would be expected, indicating a possibility of a 703 ke\ -ray with an abundance of 
2 + 2 per cent of the 874 keV y-ray. The K shell conversion coefficient of the 41 keV 
y-ray, as determined from the K X-ray to 41 keV y-ratio, is K/y ~ 400. 

A suggested decay scheme of Nb is given in Fig. 1. The spins and parities are 
those proposed by KinG."'") A literature assignment of the isometric transition of 


66 min *"Nb is E3,"!” which is consistent with the level assignments. The 6-6 min 
*“™Nb £-transition to the 874 keV ™Mo level is first forbidden, log ft = 7-3, which is 
consistent with J / = 1, yes. If the 8-transition to the 1577 keV ™Mo level is about 
2 per cent as abundant as the major beta, it will have log ff — 7-5 and so will be 
first forbidden and consistent with 4/ = 1, yes. An assignment of 3— to the 
1577 keV “Mo level and 5 and 2— respectively to the “Nb levels could also 


explain the observed niobium decay; however, these assignments appear less 
probable on the basis of “Tc decay.'?-"! 


Acknowledgements—The authors wish to express their appreciation to Mr. C. H. Hoe and Mr. R. I 
HeatH for the use of the scintillation spectrometers and §-counter, and to the MTR reactor 
operators for the irradiations. 
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HALF-LIVES OF RaD AND 
G. HARBOTTLI 
Chemistry Department, Brookhaven National Laboratory, Upton, L.L., 
New York 


(Received 13 April 1959) 


Abstract—Counting and balanced ion chamber measurements have given half-lives as follows: 
3-9] 0-07 years, RaD 20-4 0:3 years, and Bi 30-2 — years. 


Thallium-204 


VARIOUS measurements of the half-life of this long-lived thallium isotope have been 
recently summarized.!’ In 1953 the author completed a series of measurements 
on a sample of thallium-204 which had been prepared by neutron irradiation, cooled 
for 2-2 years, carefully purified and counted in a ““Nucleometer” (windowless, methane 
flow proportional counter) monthly for a period of about 2-9 years. A least-squares 
fit of the logarithm of counting rate vs. time yielded a half-life of 4-02 years.’ A 
least-squares fit of the logarithm of the ratio of thallium counting rate to counting 
rate of a UgOg standard over the same period gave 3-93 years 

Recently the sample of thallium was recounted in the same “Nucleometer”. 
The intercept value of the least-squares fit of the earlier series of data was combined 
with the present counting rate to yield a half-life of 3-84 years over a decay interval 
of 8-88 years. 

During the period 1954-55 the author prepared a new sample of *°*T] through 
irradiation of spectroscopic grade thallium metal with neutrons. This thallium was 
taken through many cycles of purification including scavenging with ferric hydroxide, 
oxidation-reduction, precipitation as thallous chromate and bromide and solvent 
extraction as thallic bromide. Two samples of this material differing in activity by a 
factor of two were taken: their half-lives were determined by use of a pair of balanced, 
ion chambers. One sample was balanced against a source of radium and the other 
against a carefully-purified source of Tc. The decay of one thallium sample was 
followed for 160 days, the other for 120 days. A least-squares fit of the results yielded 
half-lives of 3-85 and 3-89 years respectively. 

An average of the five above determinations, giving equal weight to each, gives 
the result 4, = 3-91 + 0-07 years. The consistency of all results, including those 
taken over shorter and longer times after irradiation, strongly argues that there is 
one and only one lifetime of the order of a few years, in neutron-irradiated thallium. 


* Research performed under the auspices of the U.S. Atomic Energy Commission. 

1) J. E. Eowarps, J. Inorg. Nucl. Chem. 7, 336 (1958); R. W. Fink and B. L. Ropinson, Nucl. Phys. 10, 
82 (1959) 

*) G. Harporrie, Phys. Rev. 91, 1234 (1953). 
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Radium-D (lead-210) 


A supply of radium-D was obtained from spent radon needles and was purified 
by passage through a Dowex A-! resin column in 2M HCl. The material was finally 
converted to lead chromate. Radium-E (?!°Bi) was allowed to grow into equilibrium 
with the radium-D. Radium-F (?!°Po) was not in equilibrium, but its x-rays were 
absorbed without being counted. 

The radium-D, E equilibrium mixture was balanced against a %Tc source and its 
decay followed over a period of 280 days in the balanced ion chambers. A least- 
Squares fit of the data gave a half-life of 20-4 + 0-3 years, in good agreement with 


literature values of 19-49) and 22) years. 


Bismuth-207 


The preparation and nuclear decay properties of this isotope have been described 
in a paper by ALBURGER and Sunyar.” A portion of their material was balanced 
against a radium source and its decay followed in the balanced ion chambers over a 


period of 280 days. A least-squares fit of the data gave a half-life of 30-2 + 0-5 years. 
This figure supersedes the value 27 + 3 years of ALBURGER and SUNYAR which was 
based on the first portion of the measurements here reported 

This half-life is in good agreement with a recent value of 28 + 3 years reported 
by SosniAK and Bet.'® Their figure was an average of three determinations (based on 
a genetic method) which gave 24-3, 29-7 and 29-2 years. It is perhaps significant that 
two of their values are in very close agreement with that reported here. The half- 


life originally reported by NEUMANN and PERLMAN‘? was (approximately) 50 years 
while a much shorter half-life, 8-0 + 0-6 years has been published by CHENG et al.‘ 
It is difficult to understand the large discrepancy between this and the 28- to 30-year 
figures mentioned above. 


icknowledgement—The author is deeply indebted to Dr. S. Katcorr of this laboratory for 


help and discussion of problems in the use of the balanced ion chambers 
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ELECTRON-CAPTURE, NEGATRON-EMISSION 
BRANCHING RATIO OF **Np (22 hr)* 


J. E. GInDLER and R. K. SJoBLOM 


Argonne National Laboratory, Lemont, Illinois 
(Received 26 March 1959) 


Abstract—A value of 1:05 — 0-17 has been determined for the electron-capture negatron-emission 
branching ratio of 22 hr **Np using a combination of «-counting techniques and mass spectrometric 
measurements. The relative production of 22 hr 2°*Np to that of long-lived °®Np has been recalcu- 
lated and found to be about seven for the interaction of 18 MeV deuterons with 2°U, 


THE amount of **Np (22 hr) formed in a nuclear reaction is generally determined 
from the amount of 2°6Pu formed by the 8-decay of the parent nucleus. By application 
of the electron-capture/negatron-emission branching ratio to the latter quantity the 
“36Np yield is determined. The value of the above branching ratio was first reported 
by OrtH and O’Ke to be around two. Later work by PAssect,'?’ Jarre’? 
and Gray’ indicated the K electron-capture/negatron-emission branching ratio 
as (43 — 5 per cent)/(57 — 5 per cent) with a lower limit for the K/L-capture ratio 
around four."?’ 

The above values of the branching ratio were determined from electron, X-ray 
and y-ray spectra measurements associated with the decay of °®Np and from «-activity 
measurements of the daughter nuclide, Pu. The present experiment was designed 
to measure directly the yields of both °®Np daughters by means of x-pulse analysis 
and mass spectrometric analysis. 


EXPERIMENTAL PROCEDURE 


“Np was prepared by the bombardment of a 0-020 in. thick metallic target of enriched uranium 
(93-3 %, **°U) with 20-7 MeV deuterons for a total of 1614 »A hr. The neptunium produced was iso- 
lated chemically within the 24 hr period immediately following the bombardment. A reduction by a 
factor greater than 10° in the amount of uranium remaining with the neptunium was achieved by the 
following method. The uranium target was dissolved in hot nitric acid. The solution was diluted 
and the neptunium and plutonium present were carried on a LaF; precipitate. The precipitate was 
converted to the hydroxide, dissolved in 12 M HCl and placed on a Dowex A-1! anion resin column. 
Plutonium was eluted with 12 M HCI saturated with NH4l. Neptunium and any residual plutonium 
and uranium were eluted with 1 M HCl. This fraction was made 12 M in HCI and 0-1 M in hydro- 
quinone. The neptunium and any uranium reduced to the IV-state were extracted into a ten per cent 
solution of mono-octylphosphate in toluene.®) After repeated scrubbing, the extracted elements were 
re-extracted into a 4 M HF-0:5 M HCI solution. 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. 
D. A. Ortu and G. D. Phys. Rev. 82, 758 (1951) 
*) T. O. PasseLt, University of California Radiation Laboratory Report UCRL-2528 (1954). Unpublished, 
*) H. Jarre, University of California Radiation Laboratory Report UCRL-2537 (1954). Unpublished. 
*) P. R. Gray, Phys. Rev. 101, 1306 (1956). 
>) D. F. Pepparp, G. W. Mason and R. J. Sironen, J. Jnorg. Nucl. Chem. 10, 117 (1959). 
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The neptunium fraction was again subjected to the same chemistry described above—from the 
LaFs co-precipitation through the elution from the anion exchange column. The neptunium was 
then reduced to the IV-state and extracted into a 0-2 M thenoyltrifluoroacetone-benzene solution 
from which it was re-extracted into a 6M HCI solution. The latter step was repeated once again. 

The neptunium was allowed to decay several months after which 2U was added to the solution 
as a chemical tracer. An aliquot of this solution was evaporated on to a platinum disk for x-pulse 
analysis. The result of this analysis is given in Table 1. The remainder of the solution was evaporated 
and the uranium separated from plutonium and neptunium in the following manner. 


TABLE |,—«-PULSE ANALYSIS OF DECAYED “°6Np (22 hr) SAMPLE WITH “2U TRACER ADDED 


Nuclide 236Pu and 


Activity 85-60 — 0-16 4:33 0-45 0-04 


The evaporated sample was taken up in 12 M HCI containing a small amount of nitric acid and 
placed on a Dowex A-1 anion resin column. The column was washed with 12 M HCl and plutonium 
eluted with 12 M HCI-NH4glI solution. The column was further washed with an 80°, 12M HCl 
20°, 16 M HNQOs solution followed by elution of the uranium with 12M HNOs. The column was 
then washed with 12 M HCI and the neptunium finally eluted with 0-5 M HCl. A LaFs precipitation 
was performed on the uranium fraction and the supernatant containing the uranium was evaporated 
to remove the fluoride ion. After several evaporations the uranium was dissolved in a ferrous solu- 
tion saturated with NH4NOs and extracted with diethyl ether. 


TABLE 2.—MaASS SPECTROMETRIC ANALYSES OF URANIUM SAMPLES 


Nuclide composition in mole per cent 


Target 

material 0-910 -0-:009| 93-29 0-05 (0432-0004! 5-36+0-05 
tracer 2:70.-0-03 | 0-0006 |0°164-0-003 
Separated 

uranium |0-0952 -0-:004 3-24--0-12 | 1:31-0-05 89-76-014 (0-458 -0-005| 5-13--0-05 


A portion of the separated uranium was submitted for mass spectrometric analysis, the result of 
which is shown in Table 2. Samples of the original target material and uranium tracer solutions 
were also purified by diethyl ether extraction and submitted for mass spectrometric analyses. These 
results are also shown in Table 2. 


RESULTS AND DISCUSSION 
The electron-capture/negatron-emission (EC/8~) branching ratio can be calcu- 
lated from the data listed in Tables 1 and 2. The number of atoms of 2*Pu, N46, 
formed from the decay of 2°®Np may be written as 


Ar T4146 D 16 


N46 
In2 F 


Px (I ) 
where P46 is the fraction of the «-activity attributed to “Pu, A,r the total activity 
of the sample in terms of counts per minute, Gy the efficiency of the «-counter for 
*36Pu «-particles, 746 the *°6Pu half-life, Dag is a correction for the growth and decay of 


10 J. E. Grnpier and R. K. Sjostom 


236Pu from the time of chemical separation of the neptunium from the target material 
until the time of the pulse analysis, and F is the fraction of total sample used for 
pulse analysis 

Similarly the number of *°2U atoms, Nee, may be calculated from the relation 


Ar 722 1 
Noe 
Gee In 2 F 
D2» is one for all practical purposes and is therefore omitted. 

The atoms of *°6U are then 


(3) 


where Mog is the total mole per cent **U in the separated uranium sample, M 2 
is the mole per cent *°*U in the separated uranium due to incomplete separation of 
the original target material and Moz is the mole per cent **°U in the separated sample. 

By combining the above three equations and making the assumption that Goz = G46 
then the electron-capture/negatron-emission branching ratio becomes 


Vog Moe M Dog 


(4) 
Nig Moo Dig 


M 2, can be evaluated using the ratio *°°U /*°U for the target material and the amount 
of *°U in the separated sample. This gives a value of Mog M 26 equal to 0-042. 
The value of Dog = | and Dy = 0-822. Using values of 2-851 years’® for ty and 
73-6 years’ for r22, EC/8~ is found to be 1-05 + 0-17. More specifically, it is found 
that for every 100 disintegrations of 22 hr Np 51 8 occur by electron capture and 
49 | occur by negatron emission. The large error placed upon electron capture 
is primarily due to the subtraction of two large numbers Mog and M 4. It is felt 
that the difference between these two large values represents the growth of 7°6U 
from *®Np quite well. This confidence was gained by comparing the *°U/*U 
ratio in the original with that in the separated sample. This showed agreement to 
within one percent. Similarly, the ***U /*%*U ratio in the tracer agreed with that in the 
separated sample within five per cent. The **U /**°U ratio in the separated sample to 
that in the original is quite high even after the ***U added through tracer has been 
taken into account. The growth of **U through the decay of “*Pu is insufficient 
to explain the discrepancy. However, the decay of *Np which was formed during 
the deuteron bombardment readily accounts for this difference. This was shown 
by comparing the apparent increase of **U with that of 2°6U in the following manner 
The integrated cross-sections of the (d, 3n) and (d, n) ®Np reactions 


were determined from the data of WING et a/l.'*’ The ratio of these cross-sections was 
corrected for the decay of the respective nuclides during the deuteron bombardment 
and during the time from the end of the bombardment until the final chemical separa- 
tion of neptunium from uranium. The EC/8~ branching ratio of “°*Np was applied to 


6) D. C. Horrman, G. P. Forp and F. O. Lawernce, J. /norg. Nucl. Chem. 4, 143 (1957). 
P. A. Seccters, C. M. Srevens and M. H. Srupier, Phys. Rev. 94, 952 (1954) 
*) J. Wino, W. J. Ramier, A. L. Harkness and J. R. Hutzenca, Phys. Rev. 114, 163 (1959) 
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determine the apparent increase of *°®U with respect to %*U. This value agreed to 
within ten per cent of the value found by use of the mass spectrometric data. The 
increase in the mass of 7°5U formed by the decay of **°Np was calculated to be less 
than one per cent of the value given in Table 2 for the separated sample 

The difference between the value of 1-05 + 0-17 for the EC/8> branching ratio 
obtained in the present experiment and the value of 0-75 for the K/8~ branching ratio 
obtained by others‘?~*) may be assumed to be caused by L- and possibly higher order 
capture events. By use of the above values one can evaluate the contribution of 
capture events other than AK-capture to the branching ratio. A simple calculation shows 
the L +. . ./B- branching ratio to be 0:30 + 0-20 and theA/L +. . . capture 
ratio to be 2-5 + 1-7. (The authors have used a limit of — 0-11 for the K/8>~ value.) 
Gray" has placed a lower limit of around four on the A/L-capture ratio. 

A long-lived isomer of *°*Np has been found to exist."*’ Recent measurements” 
have indicated that the 18 MeV deuteron production of the 22 hr isomer to that of 
the long-lived isomer in *U is six. This value assumes that a negligible amount 
of the long-lived isomer is made by isomeric transition but is produced directly. A 
recalculation of this value using the EC/8~ branching ratio presented herein indicates 
that the production of 22 hr Np to that of long-lived *°*Np is approximately seven. 


icknowledgements—We wish to acknowledge the assistance of W. RAMLER, A. SCHULKE and members 

of the Argonne 60 in. cyclotron group for making possible the deuteron bombardment. Special 
thanks are due to L. HARKNess and D. HeNpersoN for the mass spectrometric analyses and 2-pulse 
analyses, respectively. 
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NATURAL OCCURRENCE OF THE SHORT-LIVED 
BARIUM AND STRONTIUM ISOTOPES*+ 


H. R. Heypeccert and P. K. Kuropa 


Department of Chemistry, University of Arkansas, Fayetteville, Arkansas 
(Received 21 December 1958; in revised form 15 April 1959) 


Abstract—The equilibrium ratio of '“’Ba to 8U in non-irradiated uranium salts with both the natural 
isotopic ratio and a depletion in *°°U has been determined. The ratio, expressed in terms of 10-4 
disintegrations per sec per g of “°*U, is 6-2 + 0-7. The results from natural and depleted uranium 
salts were found to agree within the experimental error. If SeGré’s value of the spontaneous fission 


half-life of *°U, (8-04 — 0-3) 10° years, is taken to be correct, the spontaneous fission yield of 


“Ba from *°*U is found to be 9-6 1-2 per cent. 


It has recently been demonstrated by KuropaA and Epwarps'!-?’ that and 
occur in pitchblende and in natural uranium salts, respectively. It appears that 
these nuclides are produced mostly by the 2°8U spontaneous fission process in nature 
and, hence, their abundance in the earth’s crust is not necessarily negligibly small as 
compared with the quantities of these nuclides produced artificially. 

Lipsy'*’ estimated that the quantity of the artificially produced Sr in the strato- 


sphere in 1956 was approximately 10 m curie/mile? of the earth’s surface. From 
the average abundance of uranium in igneous rocks (4 g per ton) and the equilibrium 
ratio of °°Sr:**5U in uranium bearing materials (approximately | 10°" curie per g 
“*U"’) the total quantity of *°Sr in the earth’s ten-mile crust is calculated to be approxi- 


mately 5 m curie/mile? of the earth’s surface. 

It has been reported by FLEMING and THope®’ and WerHerILL that the thermal 
neutron-induced fission of U occurs in some uranium minerals. It is difficult to 
estimate the contribution of thermal neutron-induced fission of 255U in the production 
of the fission products in various uranium-bearing materials. AsHIZAWA and 
KuropA™ and PARKER and Kuropa‘’ have recently reported that the equilibrium 
ratios of the short-lived iodine isotopes to %8U and %Mo to “8U, respectively, in 
depleted uranium salt (99-989°, 2°8U) and 0-011°, 255U) are the same as the corres- 
ponding ratios in natural uranium salt 


* This paper represents a part of the dissertation submitted by H. R. HEYDEGGER to the graduate School 
of the University of Arkansas in partial fulfilment of the requirements for the degree of Master of Science 
Presented at the 132nd National Meeting of the American Chemical Society, 11 September, 1957, 
New York 
+ Present address: Enrico Fermi Institute for Nuclear Studies, University of Chicago, € hicago, Illinois, 
P. K. Kuropa and R. R. Epwarps, J. Chem. Phys. 22, 1940 (1954). 
/P. K. Kuropa and R. R. Epwarps, J. Inorg. Nucl. Chem. 3, 345 (1957). 
+P. K. Kuropa, ANL-5920, Argonne National Laboratory (1958) 
W. F. Lippy, Proc. Nat. Acad. Sci. U.S. 42, 365 (1956) 
)W. H. Fieminc and H. G. Tuone, Phys. Rev. 92, 378 (1953) 
G. W. Werneritt, Phys. Rev. 92, 907 (1953), 
”) F. T. Asnizawa and P. K. Kuropa, J. Inorg. Nucl. Chem. 5, 12 (1957). 
P. L. Parker and P. K. Kuropa, J. Inorg. Nucl. Chem. 5, 153 (1958). 
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Natural occurrence of the short-lived barium and strontium isotopes 13 


Measurements of the equilibrium ratios of Sr/*U and “°Ba/28U were made 
with pitchblende and with natural uranium salts in the previous works’ and the 
ordinary end-window Geiger counters without anti-coincidence system were used for 
the radioactivity measurements. 

The primary purpose of this study was to repeat the experiments with a more 
sensitive low-level counting equipment and with the depleted uranium salt. Because 
of the relatively long half-life of 9°Sr, measurement of the *Sr/8U equilibrium ratio 
in depleted uranium salt could not have been carried out. However, some attempt 
has been made, instead, to measure the quantities of '*Ba, "Sr and ®Sr in non- 
irradiated natural and depleted uranium salts. 


EXPERIMENTAL 
Natural uranium solution 


A total of 900 g of commercial uranyl nitrate (Mallinckrodt Reagent grade) was dissolved in 4 I. 
of reagent grade ether and carefully purified by extraction of trace contaminations with an aqueous 
barium nitrate solution. The isotopic composition was assumed to be 99-276 °%% 8U and 0-719°% 235U, 


Depleted uranium solution 


A total of 2000 g of depleted uranium as the oxide was dissolved in about 6 1. of 3 N nitric acid 
and exhaustively purified. The solution was finally evaporated to dryness, dissolved in ether and 
purified as above. The isotopic composition was 99-989°, =U and 0-011° %°U, according to 
Dr. R. B. Martin of the United States Atomic Energy Commission, Oak Ridge, Tennessee. 


Other reagents 


All other reagents were commercial reagent grade and were repeatedly monitored for radiochemical 
purity. The control experiments showed the necessity for frequent preparation of new reagent 
solutions. 


Counting equipment 


A pancake-type Geiger—Miiller counter (Anton 1007TA, 2 mg cm~* mica window), which had a 
background of 1:10 + 0-05 counts, min in anti-coincidence with the surrounding counters, was used 
for the radioactivity measurements. The counter was calibrated according to the method described 
by STEINBERG 

Iwo 100A portions of a stock solution, which contained approximately 500 uwcuries of 'Ba “La 
equilibrium mixture per litre, were evaporated on thin Tygon films and counted in a 4 = cylindrical 
counter, to obtain the exact concentration of the “°Ba “La equilibrium mixture in the stock 
solution. A series of fifteen '*’Ba “La standards, each containing an identical quantity of 
°Ba + +°La, but with various carrier weights ranging from 0 to 300 mg, were prepared from the 
above stock solution and used for the calibration. 


Extraction and purification of the barium fraction 


The extraction of the barium fraction from the uranium solution was made by the addition of a 
small portion (about 10 ml) of aqueous barium nitrate solution (about 5 mg ml) to about 700 ml of 
ethereal uranium solution in a separatory funnel. The funnel was shaken and the aqueous layer drawn 
off. Addition and removal of the aqueous solution was repeated and the aqueous layers combined 
and heated nearly to boiling. Sulphuric acid was added and the solution allowed to digest and cool 
to room temperature. The barium sulphate precipitate was collected by suction filtration on to a 
filter disk and converted to barium carbonate by fusion with anhydrous sodium carbonate. The 
remainder of the purification consisted of a series of ferric hydroxide scavenging steps and barium 
nitrate precipitation steps. The barium was finally precipitated as the carbonate or chromate, washed, 
dried, weighed and mounted on aluminium for radioactivity meas rement. 


E. P. Sremperc, ANL-5622, Argonne National Laboratory (19% 
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Control experiments 

Application of the procedure outlined above to a 10 g sample of uranyl nitrate resulted in a barium 
fraction which gave 0-00 -- 0-04 counts min above background. Calculations showed that no detect- 
able activity is to be expected from such a small uranium sample if the chemical procedure is effective. 

4 study of the distribution of carrier barium and '°Ba-'°La activity between the aqueous and 
ethereal layers showed that the aqueous extraction method employed is very nearly 100 per cent 
effective. 

4 preliminary experiment using 258 g of *°*U was performed as outlined above. Purification con- 
sisted of five nitrate precipitation and eleven iron scavenging steps, with the barium being finally 
collected as the carbonate. The chemical yield of the carrier was about 25 per cent and the results 
were of the expected order, indicating that the chemical procedure, as developed, was applicable to 
large-scale determinations. 


2:0 


in 


m 


Counts 


Doys 
Fic. 1.—Activity of barium fraction from natural uranium salts. 


EXPERIMENTAL RESULTS AND DISCUSSION 

A natural uranium solution containing 758 g of *°°U was treated as outlined above. 
Purification consisted of three nitrate precipitation and five iron scavenging steps. 
The barium was finally collected as the carbonate and the chemical yield found to 
be 35-4 per cent. The barium activity had been allowed to grow into the uranium 
solution for forty-nine days since the last previous barium extraction. The background 
was 1-10 + 0-03 counts/min and a correction of 0-06 + 0-03 counts/min was applied 
for residual contamination not removed by the purification process. The results of 
this experiment are shown as the upper curve in Fig. 1. The characteristic 40 hr 
growth of '*°La from !“°Ba until equilibrium is reached, and from that point, the 
12-8 day decay of !4°Ba are displayed. The activity of 14°Ba at the time of separation 
of barium sulphate was calculated to be 0-94 + 0-10 counts/min. This corresponds 
to 28-1 + 3-0 disintegration/min using the value of 35-4 per cent for the chemical yield 
and 9-5 per cent for the overall detection efficiency. The counting data are presented 
in Table 1. 

A natural uranium solution containing 401 g of 2°°U was treated as outlined above. 
The purification consisted of six iron scavenging and three nitrate precipitation steps, 
with the barium being finally collected as the chromate. Recovery of the carrier 
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TABLE 1.—ACTIVITY OF THE BARIUM FRACTION FROM NATURAL URANIUM 


Time after initial | Observed activity 40Ba pl 
Ba separation | foman’ less background °L a activity* 
(min) P (c.p.m.) (c.p.m.) 
0 | 0-94 — 0-10t 
410 | 2:27 1-17 1-11 0-15 
1221 2-54 1-44 1:38 — 0-09 
2619 2°63 1-53 147-011 
3922 2°52 1-42 1:36 O11 
5256 2-52 1-42 1:36 . 0-10 
6726 2:50 1-40 1:34 + 0-10 
8123 244 1:34 1:28 + 0-10 
9702 2-42 1-32 1:26 + 0-10 
11170 2:34 1:24 1-18 - 010 
12481 2:30 1-20 1:14 — 0-10 
13887 2:25 1-15 1-09 + 0-10 
20151 2-01 0-91 0-85 - 0-10 
21248 1-93 0-83 0-77 . 0-10 
23772 1-95 0-85 0-79 — 0-10 
* Corrected for 0-06 0-03 counts min of residual contamination. 
* Calculated value 
was found to be 51-8 per cent. Five days had elapsed since the last previous barium 
ol, extraction. The correction for residual contamination was 0-06 — 0-03 counts/min 
12 and the background was 1-07 + 0-03 counts/min. The lower curve in Fig. | presents 
9/60 the results of this experiment and displays the characteristic growth and decay of the 
barium fraction. The counting data are presented in Table 2. The activity of the “°Ba 
at the time of the sulphate separation was calculated to be 0-17 + 0-03 counts/min. 


TABLE 2.—ACTIVITY OF THE BARIUM FRACTION FROM NATURAL URANIUM 


Time after initial Observed activity 4°Ba plus 
Observed activity 

Ba separation (p.m) less background “La activity* 

(min) (c.p.m.) (c.p.m.) 
0 . 0-17 0-03 
744 1-32 0-25 0-19 — 0-10 
1820 1°36 0-29 0-23 — 0-09 
4060 1-43 0-36 0-30 — 0-08 
6659 1-40 0-33 0-27 - 0-09 
9897 1-39 0-32 0-26 —. 0-09 
12810 1-41 0-34 0-28 0-09 
14980 1-38 0-31 0:25 — 0-08 
18276 1-35 0-28 0-22 = 0-08 
21870 1:26 0-19 0-13 + 0-08 
25482 1-28 0-21 0-15 — 0-08 
29046 1:28 0-21 0-15 — 0-08 
32661 1:28 0-21 0-15 -- 0-08 


* Corrected for 0-06 0-03 counts/min residual contamination. 
* Calculated value. 
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This corresponds to 3-7 + 0-6 disintegration/min using the value of 51-8 per cent 
for the chemical yield and 8-9 per cent for the overall detection efficiency. 

The spontaneous fission yield, y, of 4°Ba from *98U can be calculated on the basis 
of the data by the use of the following equation: 


Node 
— exp (— 


where Ne is the number of atoms of !“°Ba, Az is the decay constant of °Ba, Nj is the 
number of atoms of 2°8U, A; is the decay constant of 25°U for spontaneous fission, and 
t is the time elapsed since the last previous extraction of barium from the uranium 
solution. For the calculation of A), SeGré’s value of (8-04 + 0-3) x 10 years" 


/min 


Cour 


Days 


Fic. 2.—Activity of barium fraction from natural uranium salts. 


was assumed for the spontaneous fission half-life of °°U. Values of 9-60 + 1-0 and 
9-54 — 0-5 per cent, respectively, are obtained for y from the two experiments with 
natural uranium. 

It is interesting to note that the good agreement in the results of the two natural 
uranium experiments shows that the activity of the barium fraction does indeed 
grow into the uranium solution according to the predictions based upon the spontane- 
ous fission-rate and would, therefore, seem to preclude the possiblity of contamina- 
tion in the form of extra °Ba or some other 8-active species from some outside 
source. This is supported by the fact that control experiments run immediately prior 
to both natural uranium experiments showed 0-00 + 0-05 counts/min of activity 
above background. 

An ethereal depleted uranium solution containing 932 g of *°8U was treated as 
outlined above. Purification consisted of three nitrate precipitation and eight iron 
scavenging steps. The barium was finally collected as the carbonate. Recovery of the 
carrier was 22-0 per cent. The barium activity had been allowed to grow into 
the uranium solution for 127 days since the last previous barium extraction and 
was assumed to be at equilibrium. The correction for residual contamination was 
0-15 + 0-05 counts/min. The background was 1-15 + 0-03 counts/min. The results of 
the radioactivity measurements are shown in Fig. 2. The activity of }#°Ba at the time 


(10) BE, Secri, Phys. Rev. 86, 21 (1952). 
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of the sulphate separation was calculated to be 0.85 = 0-10 counts/min. This corres- 
ponds to 40-6 + 5-0 disintegrations/min using the value of 22-0 per cent for the 
chemical yield and 9-5 per cent for the overall detection efficiency. The data from 
the depleted uranium experiment yield a value of ) 10-6 + 1-2 per cent, which is in 
agreement with the value for natural uranium, within the experimental error. The 
rather large fraction of residual contamination observed in the depleted uranium 
experiment remained unexplained. It is possible, however, that depleted uranium salt 
used in the experiment contained traces of radium isotopes which had not been 
completely removed during the purification procedure. 

Similar difficulties were encountered during the course of investigation on the 
radioactive fallout by one of the authors.’ When the '°Ba concentration in rain 
water was less than a few micromicrocuries per litre, a residual contamination of the 
order of magnitude of a few tenths counts/min was occasionally observed, and it has 
been tentatively attributed to the presence of radium in rain water. However, it is 
also possible that the radium contamination originated from reagents or dust particles. 
The problem is being further investigated in this laboratory. 

A theoretical evaluation of the contribution from thermal neutron-induced 
fission has been made by the application of the principles of the nuclear chain-reaction 
to the experimental system. The details of such a calculation have been presented 
previously.'”’ In the experimental system represented by the second uranium experi- 
ment, the value of the effective multiplication constant obtained indicated a contribu- 
tion from thermal neutron-induced fission of 5U of much less than | per cent. It 
might be noted that the flux in the case of fast cosmic ray neutron-induced fission of 
238) is so low near the earth’s surface that considerably less than 0-01 counts/min ts 
contributed in the experimental system. A similar result should also hold for cosmic 
ray meson-induced fission. 

Some attempt has been made to modify the procedure described above to deter- 
mine the yields of !8®Ba, ®'Sr and **Sr. The presence of the above-mentioned nuclides 
in non-irradiated uranium salts was verified and the following tentative values for 
y were obtained: »(®'Sr) = 6 + 5 per cent and (Sr) = 12 + 5 per cent. The value 
of y for °®Ba could not have been obtained since the chemical procedure required 
more than 2 half-lives of this nuclide. Further work on these problems is contemplated. 
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REACTIONS OF NEUTRON-ACTIVATED ARSENIC ATOMS 
IN ORGANIC MEDIA—I 


FORMATION OF PHENYL ARSENIC COMPOUNDS DURING NEUTRON 
IRRADIATION OF ARSENIC TRICHLORIDE IN BENZENE 


K. E. StEKIERSKA, A. SOKOLOWSKA and I. G. CAMPBELI 


Department of Radiochemistry, Institute of Nuclear Research, Warsaw 
(Received 16 December 1958; in revised form 16 April 1959) 


Abstract—During the pile irradiation of arsenic trichloride in benzene, formation has been observed 
of diphenyl and monopheny! arsenic compounds. The intervention of billiard-ball type collisions is 
excluded in this case, and the result must be attributed to the formation of phenyl radicals by collisions 
of arsenic atoms of high kinetic energy with benzene molecules, or activation of benzene molecules 
during neutralization of the positive charge acquired by the arsenic atom as a result of the (n, y) 
reaction, 

The result is compared with results of irradiation of triphenylarsine, in which both billiard-ball 
collisions and radical type mechanisms could play a part 

\ paper chromatographic technique has been developed to supplement column chromatography 
for separating the products of irradiation 


CAREFUL studies of the products of neutron irradiation of triphenyl stibine”’ and 
triphenyl arsine,‘*~* have shown that alongside the antimony or arsenic activity re- 
maining in the triphenyl compound or present as inorganic forms, a considerable 


proportion of the !**-!*4Sb or “As atoms are found in diphenyl or monophenyl com- 
pounds 

{ priori it is possible to conceive that both billiard-ball type collisions, of the type 
suggested by Lissy,’°’ or radical type mechanisms of the type postulated by WILLARD 
et al.,’® could explain the retention of activity in the organic compounds in these 
systems. The very small fraction of activity retained in the triphenyl compound might 
represent that proportion of atoms which failed to rupture even one bond as a result 
of neutron activation. On the billiard-ball collision hypothesis, diphenyl or mono- 
phenyl compounds would be formed as a result of a transfer of energy from a 
collision between a naked hot arsenic atom and an inactive arsenic atom in triphenyl 


R. M. Hatt and N. Sutin, J. /norg. Nucl. Chem. 2, 185 (1956) 

4. G. Mappock and N. Surry, Trans. Faraday Soc. 184 (1955) 

F. Lenz and I. W. RuUDERMAN, Progr. Rep. Nucl. Phys. Columbia Univ. C.U.D. 94, 29 (March, 
1951) 

F. Lenz and I. W. RuperMan, Progr. Rep. Nucl. Phys. Columbia Univ. C.U.D. 61, 11 (September, 
1950) 

W. F. Lippy, J. Amer. Chem. Soc. 69, 2523 (1947). 

J. E. Wittarp et al., Ann. Rev. Nucl. Sci. 3, 193 (1953). 
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arsine, whereby the latter is expelled completely from the molecule, and two or one 
of the three phenyl radicals formed about the site of collision combine with the cooled 
%*As atom. The valencies of the “As not thus occupied by benzene rings, then 
combine with oxygen or hydrogen to form phenyl arsine, phenyl arsenic acids or 
phenyl arsine oxides. One might expect that a certain number of phenyl radicals 
would be dispersed after As, “As collisions, so that catching of all three radicals by 
a cooled “As atom after expulsion of the inactive As atom would be improbable 
and catching of two phenyl radicals would be a somewhat less probable process than 
catching one, which would accord with the distribution of activity found in the 
organic products.‘ 

Formation of monophenyl and diphenyl compounds of arsenic could also be 
explained on the basis of the formation of phenyl radicals by inelastic collisions of 
recoiling “*As atoms with the benzene rings of the irradiated triphenyl arsine, and sub- 
sequent combination of these radicals with “As atoms after the latter have become 
thermalized as a result of successive collisions. This mechanism has been proposed to 
explain in part the formation of monophenyl and diphenyl arsenic compounds by 
the authors of the most recent publication on the effects of neutron irradiation of 
triphenyl arsine and is supported by the finding that part of the formation of phenyl 
arsenic bonds takes place as a thermal reaction during and after irradiation.'” 

It must also be borne in mind that weaker y-quanta emitted by compound nuclei 
after neutron capture can be extensively converted internally, and that in all cases so 
far studied the activated atom has been found to possess a positive charge resulting 
from an Auger shower after the conversion.’ During discharge of any charge pos- 
sessed by “As by electron transfer from molecules in the environment, some tens 
of electron volts of ionization energy may be released, and it may be expected that 
disintegration of triphenyl arsine molecules would result, accompanied by formation 
of phenyl radicals. 

From the experiments previously described it is impossible to draw any con- 
clusions as to the relative participation of billiard-ball or radical mechanisms in the 
formation of organic compounds by hot As atoms. 

In general although experiments with halogen scavengers and other approaches 
prove that billiard-ball collisions do not explain a considerable proportion of the events 
leading to retention,“ no direct evidence has been found which excludes the partici- 
pation of such mechanisms in that fraction of events which is found to be insensitive 
to the presence of a radical scavenger. It has been pointed out elsewhere by one of 
the authors'® in connexion with experiments on neutron irradiated tributy! phosphate, 
that systems involving polyvalent atoms may offer certain useful features in studying 
the relative roles of billiard-ball and radical mechanisms 

It has been decided to examine the mechanisms of formation of phenyl arsenic 
compounds from this point of view. The obvious approach, by analogy with work 
on the organic halides, is to study the irradiation of inorganic arsenic compounds tn 
benzene where billiard-ball collisions leading to formation of organic compounds 
are excluded, and the results of such experiments are presented here. 


(7) C. T. Hispon and C. O. Murntnause, Phys. Rev. 88, 943 (1952) 
(8) 1, G. Campsett, A. Poczynaszo and A. Suma, J. Inorg. Nucl. Chem. 10, 255 (1959). 
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EXPERIMENTAL 

Materials 

Triphenylarsine (TPA), diphenylarsine oxide (DPO), phenylarsine oxide (PO), diphenylarsonic 
acid (DPA) phenylarsonic acid (PA) were prepared by appropriate DPO-7*As, PO-76As 
and PA-**As were also prepared from 7*AsOs. The inactive substances were all recrystallized several 
times to ensure high purity and had satisfactory melting points. 

All inorganic carriers were analytical grade. Solvents were dried and redistilled before use, and 
in the case of the benzene and ethanol used for elution, were further purified by passage through a 


column of alumina. 
AsCl; was purified immediately before encapsulating for irradiation by distillation through a 


Vigreux column, the 130-5-131°C fraction being used. 


Irradiation 


Samples were irradiated in the thermal column of the JENER experimental reactor at Kjeller, 
Norway, at a thermal neutron flux of 10°neutrons ‘cm per sec for approximately 3-4 *®As half-lives, 
and in the thermal column of the Polish reactor“EWA” at 10°neutrons/cm per sec for 1-2 half-lives 
or 10**neutrons,/cm®* per sec for one half-life. Samples were enclosed in quartz or glass capsules for 
irradiation, at atmospheric pressure in the case of solutions, and in vacuo in the case of crystals. 
Samples were protected from light from the moment of packing until opening after irradiation. The 
following samples were irradiated 

(1) O01 M AsClz in dry benzene 
(2) Crystalline TPA 
(3) 0-1 M TPA in dry benzene 

Paper chromatograms were activated at 10!2neutrons cm per sec in the thermal column of 

“EWA” for about 6 hr 


Chromatography 


Separation of reaction products was based on the procedure of MADDOCK and St TIN, Involving 
elution with a series of solvents from an alumina column It was found necessary to modify this 
method somewhat, and in particular to supplement it by paper chromatography 

Alumina was chromatographic grade.* Decantation was used to regulate grain size, followed by 
drying at 200°C for 10 hr. Methylene biue activity was 4:2 10°6 mole MB g Columns were 
0-6 cm diameter and 12cm long. Columns were filled with a slurry of alumina in benzene and dis- 
carded after using once 

Solutions were passed through the column at 30-40 ml hr under slight positive pressure from a 
bicycle pump, and collected in 2 or § ml lots in calibrated receptacles. 

Paper chromatography was done on Whatman No. 1 paper, previously washed with 0-5 per cent 
sodium versenate solution, followed by repeated washing with distilled water and air drying. 

The following methods were used to identify the fraction eluted or separated. The most general 
method was the distribution of **As activity in fractions eluted from columns after addition of one 
marked compound in the presence of other inactive carriers. The fact that DPO gives no precipitate 
with HgCl» in ether solution whereas TPA precipitates, was used as additional identification in eluates 
containing these two compounds. Radioactivation analysis was used to identify and to estimate 
components separated by paper chromatography and to determine R, values in various solvent 
systems. For this purpose inactive carriers were chromatogrammed singly or in mixtures and after 
drying at 60°C the strips were activated in the reactor, afterwards scanning with an end-window 
G.M. tube with a 0-5 cm width slit in the mask. 


* Alumina was from Glawchimreaktiv, U.S.S.R 
Premprer, Ber. Dtsch. Chem. Ges 37, 4621 (1904) 
Biicke and H. Smitn, J. Amer. Chem. Soc. 51, 1561 (1929) 
Buicke and H. Smirn, J. Amer. Chem. Sox §2, 2947 (1930) 
W. Denn and L. Witcox, J. Amer. Chem. So 35, 43 (1946) 
R. H. Buttarp and J. B. Dickey, Organic Syntheses Vol Il, p. 494. Wiley, New York (1950) 
G. Hesse, I. Danie, and G. WoutieBen, Angew. Chem 64, 103 (1952) 


Vol, 
12 


1959/6 


20 


Reactions of neutron-activated arsenic atoms in organic media 2! 


First of all the distribution of “*As added as labelled organic or inorganic compounds was deter- 
mined in the presence of other non-labelled carriers by elution of the column with the series of solvents 
used by MAppock and Sutin; arsines and As** compounds will hydrolyse to AsO.® , PO, DPO, 
AsO,°-, DPA and PA. It was checked that AsCls, PhAsCly and PheAsC! hydrolyse to the same com- 
pounds in times less than those available for this reaction to take place in the column separations 
The order of elution was 

Eluent 
1°, ethanol in benzene TPA, DPO 
Abs. ethanol (DPO ta PO 
10°, aq. ethanol (PO tail), DPA 
Water (DPA ta 
0-1°, NaOH and 1°, NaOH PA, AsO, AsO; 
NaOCl Inorganic arsenic 


(b) 


| 


TPA*DPO 


T 


25 50 75 25 50 75 
1% ethanol in benzene, mi 


Fic. 1.—Elution curves for a mixture of TPA and DPO from alumina column 
(a) 5 ml portions collected 
(b) 2 ml portions collected 
(c) 2 ml portions collected after rechromatography of (a) 


Differences in adsorption behaviour of the grades of alumina used for separation presumably 
account for the different sequence of elution observed in our case by comparison with the results 
of Mappock and Sutin. Overlapping of fractions made the method unsuitable as such for analysis 
of reaction products. Thus the following additional procedures were developed. Resolution of the 
1 per cent ethanol in benzene fraction was found possible by collection of 2 ml samples (Fig. 1) 

The separation procedure was extended by paper chromatography of the following fractions 

(1) DPO — PO 
(2) PO DPA 
(3) PA AsO AsO, 
After extensive experiments with possible solvents the following systems were chosen 
(1) DPO -- PO, benzene saturated with | per cent aq. acetic acid 
(2) PO + DPA, butanol saturated with 5 per cent ammonia 
(3) PA + AsO;* AsO,*-, butanol saturated with 20 per cent acetic acid 


(a) | (c) 
| 
| 
° 
| | 
£ 
12 | | 
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TABLE 1.— R VALUES FOR AS COMPOUNDS IN VARIOUS SOLVENTS ON WHATMAN NO. | PAPER 


Scivent Substance 
AsOs® PA DPA PO 


Butano! sat. with 20°, HAc 0-1 0-47 0-77 0-9 0-9 
Butanol sat. with 5°, NHs 0 0-21 0-02 0-35 0-9 
Benzene sat. with 1°, HAc 0 


R; values are shown in Table 1. Approximately 200 «gm of the substance in 0-01 ml benzene was 
placed on the strip and the chromatogram developed for 1-4 hr. 


Typical radiochromatograms 
are shown in Fig. 2. 


PO 
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Fic. 2.—Paper radiochromatograms for mixtures of As compounds. ? 
(a) PO DPO — Bz sat. with 1°, HAc 
(b) DPA PO — BuOH sat. with 5°, NHs 
(c) PA + AsO;° BuOH sat. with 20°, HAc. 
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TABLE 2.—PER CENT ACTIVITIES OF FRACTIONS SEPARATED BY CHROMATOGRAPHY ON 
ALUMINA COLUMNS 


A. Irradiation of 0-1 M AsCls in benzene (ca. 10° neutrons,/cm?® per sec for 3 Ti) 


1°, ethanol in bz. | Abs. 10% aq. 0-1%+1 
| ethanol | ethanol Water PA 
| max. PO DPA DPA 
DPO DPO PO ASO, 
(%) 
8-66 0-17 
1009 0-06 
471 
15-20 
1-04 601 
0-03 0-56 3-71 
0-17 1-71 13-78 
0-07 1-26 13-40 
025 | 248 18-15 
0-14 | 1265 
O11 1-87 12-12 
O11 1-46 13-78 
0-08 0-99 11-02 
0-2 4-43 
12 B. Irradiation of crystalline TPA (ca. 10° neutrons, cm per sec for ca 


9 8-12 12-19 12-95 
10-10 16-10 12-56 13-43 
11-02 16°26 18-08 17-99 
7°87 915 16-85 16°76 
10-9] 12-64 17-60 15-88 
9-43 10.94 16-60 16-04 
9-81 10-87 15-77 16°31 


9-61 
1:24 


Irradiation of 0-1 M TPA in benzene (ca. 10° neutrons 


5-26 8-92 18-52 3-50 
4-86 18-46 4-99 
4-15 12 14-77 5-41 
499 

4-06 22 1970 | 8-68 
3-18 53 21-07 9-85 


4-41 75 18-50 
0-77 1:24 | 2-34 


D. Irradiation of crystalline TPA (ca. 10'* neutrons/cm® per sec for ca. 1 Ti) 


11-32 | 1-57 0-25 34-03 


23 
| 5° NaOCl 
| As (?) 
° 
0-35 
0 
0 
0 
0-19 
0-45 
0-49 
0-15 
| 0-09 
0-09 
0 
0 
0-25 
295 | 47-23 4-61 
2:26 41-81 3-73 
2-$7 28-03 6-00 
203 41-93 §-32 
1-53 36°29 5-12 
3-64 37-31 6-00 
2-29 35-61 9-28 
| 
12-59 15-63 15-62 2-47 38-3] 5-72 
2-66 2:42 1-8! 0-68 6:10 1-73 
| 
pcr sec for ca. 2 X 
0-60 62°63 0-78 
2 O19 62-62 0-90 
3 0-85 66°50 1-17 
4 | 66°67 0-22 
5 1-13 55-78 0-41 
6 1-51 53-85 0-98 
| 6°48 0-85 61:34 0-74 
| | +263 0-63 $39 | 036 
| | | | 
22:11 | 27:39 eee | 3:30 
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TABLE 3.—PER CENT ACTIVITIES OF FRACTIONS SEPARATED BY PAPER CHROMATOGRAPHY 


A. Irradiation of 0-1 M AsCls in benzene (ca. 10° neutrons/cm® per sec for ca. 3 x T}) 


0-1°. NaOH fraction: Expt. No. PA 
l 16°12 78-47 5:39 
2 13-68 80-66 5-65 
3 12°65 82-68 4:35 
27-27 68-50 421 


24-20 


18:78 
6°57 6-05 0-72 


B. Irradiation of crystalline TPA (ca. 108 neutrons cm? per sec for ca. 3 


0-1°< NaOH fraction: Expt. No. AsO? PA 

1 24-83 61°45 13-69 

2 23-81 61-41 14-77 

3 29-07 54:29 16°62 

4 30-05 58-11 11-83 

5 30°46 56°43 13-10 

27-64 §8-34 14-00 

3-99 3:13 + 1-80 


C. Irradiation of 0-1 M TPA in benzene (ca. 10° neutrons/cm? per sec for ca. 2 x 


0-1°., NaOH fraction: Expt. No. AsO? AsO;° PA 
l 11-83 72:19 15-97 
2 21:27 66°31 12-41 


16°55 


6-68 +415 +2-52 
Abs. ethanol fraction: 10°. aq. ethanol fraction: 
Expt. No. PO DPO Expt. No. PO DPA 
l 64-82 35-18 l 82-64 17:36 
2 63-54 36°46 2 81-00 19-00 
3 65-20 34-80 3 59-32 40-68 
— 74-32 25-68 
65:19 34 81 +130 13-0 
1-52 1-52 


D. Irradiation of crystalline TPA (ca. 10" neutrons/cm? per sec for ca. 1 * T4) 


0-1 NaOH fraction AsO,? AsO;3 PA 


10-8 20-3 68-9 
Abs. ethanol fraction PO DPO 

100 0 
10% aq. ethanol fraction PO DPA 
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Fic. 3.—Typical elution curves of As compounds from irradiated mixtures: 
(a) 0-1 M AsClz in benzene irradiated 
(b) Crystalline TPA irradiated 


(c) 0-1 M TPA in benzene irradiated 
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The above combined procedures were used to analyse irradiated samples. Immediately after 
opening the irradiation capsule, the various inactive carriers were added, each in about 5 mg amount, 


and the contents well mixed. After transfer of 1 ml of irradiated solution or 200 mg TPA crystals to 
the column, 46 hr were allowed to elapse before elution, to allow hydrolysis to occur. The absolute 
ethanol, 10 per cent aq. ethanol and 0-1 per cent aq. NaOH fractions after collection were ev aporated 
to about 0-5 ml and then separated further by paper chromatography. 


TABLE 4.—PEeR CENT OF “®AsS ACTIVITY IN INDIVIDUAL AS COMPOUNDS 


\. Irradiation of 01 M AsCls in benzene (ca. 10° neutrons cm? per sec for ca. 3 


DPO PO DPA PA AsO AsO¥ 


63-89 


Irradiation of crystalline TPA (ca. 10° neutrons cm? per sec for ca. 3 T 4) 


5:36 22 10-58 5-72 


Irradiation of 0-1 M TPA in benzene (ca. 10° neutrons/cm? per sec for ca. 2 

1959/6 


D. Irradiation of crystalline TPA (ca. 10!2 neutrons cm? per sec for ca 


11-3 2.9 


22-11 27-39 3 


The sample of crystalline TPA irradiated at 10!2 neutrons /cm? per sec in the thermal 
column of “EWA”, melted during irradiation. 


RESULTS 


Results as percentage activities after numerical integration of areas of fractions 
are shown in Tables 2 and 3. All analyses of irradiated samples were done in dupli- 
cate. Errors quoted in Table 2 are standard errors for the series of determined per- 
centage activities. These errors are greater than the appropriately summed statistical 


errors for the counts, so that the errors reveal variations due to variability of reactions, 
and more probably separations, rather than errors of radioactivity estimation. 
Percentage activities of individual fractions are calculated on the basis of summed 


activities of all eluted fractions. 
Typical elution curves are shown in Fig. 3. Table 4 shows the distribution of 
“®As activity in individual arsenic compounds, combining the results from column 


and paper chromatography separations. 


4 

7;) 

C 

4-42 


Reactions of neutron-activated arsenic atoms in organic media 


DISCUSSION 


It can be calculated from Tables 2 and 3 that the following gross distribution of 
% As activity is obtained: 


Substance Dose rate AsPhs 
irradiated (n cm~? sec~') (%) 


AsCls in bz 10° 
TPA in bz 10° 


TPA crystals 10° 
TPA crystals* 
TPA crystals 


* Results of Mappock and Sutin‘? 


There is good agreement between our results for crystalline TPA irradiated at 
108 neutrons/cm? per sec and the results of MADDOCK and SuTIN at 10'° neutrons 
cm? per sec. This suggests that no interference from radiolysis occurs at dose rates 
up to 10" neutrons/cm? per sec in this system. 

A priori it could be expected that the following general mechanisms could be 
operative in the systems chosen for irradiation: 

(a) Billiard-ball type collisions *As—As. This mechanism in the case of 
irradiated TPA in benzene or crystalline TPA could lead to “As being present in 
PhsAs, PheAs- and PhAs= compounds. However in the case of irradiated AsCls 
in benzene such collisions can only yield inorganic “As 

(b) Inelastic collisions of As with benzene rings leading to production of radi- 
cals capable of combining with As atoms, either before or after significant diffusion 
of the radicals has occurred. A similar result could perhaps be achieved by charge 
neutralization of “As by electron transfer from organic groups. These types of 
mechanism could lead to the production of PhgAs, PhoAs- and PhAs= compounds 
in all the irradiated systems. However, in the case of the system AsCls in benzene 
it could be expected that billiard-ball collisions leading to formation of inorganic 
arsenic would be competitive. 

(c) Formation of phenyl radicals by radiolysis, and combination of these radicals 
with cooled **As atoms to form organic compounds. This mechanism could be expec- 
ted to give PhsAs, PhoAs~ and PhAs= compounds in all the systems irradiated, and in 
addition would be expected to give a higher yield of organic “As at higher dose rates. 
However, it should be remembered that such a mechanism would be counteracted by 
the tendency of phenyl radicals to combine with eath other forming diphenyl. Doubt 
has previously been cast on the intervention of radicals from radiolysis of the medium 
in reactions of hot atoms.'!.!® 

(d) Primary retention, i.e. failure to rupture Ph-As bonds by the “As atom during 
its initial recoil from y-emission. Such primary retention giving organic “As could 
occur in irradiated crystalline TPA and TPA in benzene. Primary retention of this 


(15) F, S. RowLanp and W. F. Lissy, J. Chem. Phys. 21, 1495 (1953) 
(16) G. Levey and J. E. Wittarp, J. Amer. Chem. Soc. 74, 6161 (1953). 


27 
(%) (%) (%) 

44 18-4 51-5 

9-6 51-7 32-5 

93 12°5 30-8 

22:1 29:1 34:5 10-9 
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type may be even more probable in the case of irradiated AcCls in benzene. leading to 
inorganic “As, since the weight of the molecular residue is 105 in the case of AsCls 
as compared with 225 in the case of TPA. 

It might be suggested that the reduction of the percentage activity in organic 
As compounds when AsCls in benzene is irradiated. by comparison with TPA in 
benzene, is due in large measure to the elimination of billiard-ball collisions between 
“As and AsPhz in the first case. In this connexion, however, it must be remembered 
that reduction of the percentage of “As in organic compounds could also be due to 
other causes, namely: 

(1) y-Radiolysis of AsCls leading to formation of free chlorine capable of acting 
as a scavenger for organic radicals. Against this process would be the continual 
tendency for dissolved elementary chlorine to react with the elementary arsenic. In 
addition AsClz may be itself a radical scavenger, phenyl radicals reacting directly 
with it to give chlorobenzene 

(ii) Exchange reaction between cooled As atoms and AsCls 

The fact that organic arsenic activity arises when AsClg in benzene is irradiated. 
Suggests that a radical mechanism of the type given in hypothesis (b) must certainly 
be operative. In this connexion it should be pointed out that the system AsClg in 
benzene presumably cannot show maximal operation of mechanisms of combination 
of “As with organic radicals because of the possible presence of free chlorine or 
““As—“AsClg reactions, already described. From the present evidence more cannot 
be said as to the nature of the processes leading to radical formation, or the nature 
of the reactions of these radicals. 


The ratio of arsenic atoms to phenyl rings in the case of TPA in benzene solutions 
was | : 116 and in the case of TPA crystals was | : 3. Thus it would seem that billiard- 
ball collisions leading to the formation of organic As would be expected to be 
more pronounced in the second case. The smaller percentage of As activity in 
PhsAs, PheAs- and PhAs= in the case of TPA in benzene might thus be considered 
as good evidence that the billiard-ball mechanisms play a significant part in the organic 
retention. From this point of view TPA in benzene would be a more favourable 
medium for operation of the radical mechanism than TPA crystals. On the other 
hand it should be pointed out that the intervention of a billiard-ball type mechanism 
is Not necessary to explain the lower organic “As yield in the case of TPA in benzene, 
since a mechanism based on reaction with organic radicals might be also conceivably 
explain such a result, bearing in mind the difference of phase conditions. For example, 
a “®As atom having lost a good deal of its recoil energy in elastic and inelastic colli- 
sions may find itself in a region of a high local radical concentration (radical nest). 
In the case of TPA crystals, concentration of such radicals will be kept high up to the 
moment of dissolution in benzene, with a correspondingly high probability of their 
combining with the As atoms. In the case of benzene solutions of TPA. the radical 
concentration in such a nest would be rapidly lowered. Then again it must be pointed 
out that according to the theoretical considerations advanced by Lipsy, organic 
retention of “*As would be favoured in the TPA crystals as compared with TPA 
solutions in benzene, not only by the greater ratio of As atoms to benzene rings 
but also by the fact that conditions in the crystals are more favourable for resisting 
the escape of the As atom from the site of the billiard-ball type collision before it 
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has combined with the organic radicals. It can be seen that many facts may be in- 


volved in this situation which the present results are insufficient to resolve, and further 
systematic studies will be made of the effects of these factors 

It can be seen that when crystalline TPA was irradiated at 10'* neutrons/cm? 
per sec there was a sharp increase in the percentage of *As in organic compounds 
The rise in retention could be explained either on the basis of extensive radical forma- 
tion by y-radiolysis of the TPA at this high irradiation level, or by increased density of 
radicals or radical nests formed by collisions of hot “As or discharge of the latter by 
organic groups, in view of the higher rate of “As production. The fact that the sample 
of crystalline TPA irradiated at 10! neutrons/cm® per sec melted may influence 
the result by facilitating radical diffusion and thus combination with “As during the 
irradiation 

With regard to the possibility that part of the organic “As is due to primary 
retention it can be said on the basis of our results that the retention of 9-3 per cent as 
AsPhs observed by MAppock and SuTIN in irradiated TPA crystals cannot be due 
entirely to failure to rupture any Ph—As bonds during initial recoil, since this reten- 
tion drops to 4-4 per cent for the solution of TPA in benzene. Further experiments 
with more diluted systems may still further reduce this figure 

It should be pointed out that in the case of AsCls in benzene or TPA in benzene, 
hypochlorite did not elute any significant activity from the column, whereas an active 
fraction was eluted by this reagent in the case of TPA crystals (ca. 5 per cent of total 
eluted activity). The nature of this fraction is not at present known. 
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Abstract—The pH values obtained in the vicinity of a cathode surface where hydrogen evolution 
takes place are discussed using the concept of a diffusion layer. It is shown that a given current 
density J determines a hydrogen ion concentration Cmax in the solution, above which no hydroxide 
deposition at the cathode can be expected to take place. The shape of the pH distribution makes it 
possible to define a hydroxy! ion layer, the thickness of which approaches zero as the hydrogen ion 
concentration approaches Cmax. It is found that relatively high pH values (11-13) are easily obtained 
at a cathode surface, even in rather acid solutions. These results find some support in recent experi- 
but further data are desirable. 


mental work," 


A FREQUENTLY occurring problem in radiochemistry is the preparation of thin uniform 
sources of radioactive materials. For instance such sources are of great importance 
in nuclear spectroscopy and in assay work. In those cases where electroplating can be 
used, this technique is generally superior to others with respect to yield and uniformity. 
It has been found that a wide variety of elements which are too electropositive for 


deposition as metals can be deposited at an electrode by the use of suitable precipita- 


tion reactions. 

Some of the procedures described for actinide elements have been based on a 
change of valency state for the metal being precipitated.'**) Most techniques, however, 
depend on a precipitation of insoluble compounds in the alkaline layer attaching to 
the cathode surface. The carbonates of Sr, Ba and Ra have thus been deposited 
from solutions containing carbon dioxide.'45.6 Hydroxide deposition has been of 
special importance, since this technique includes the numerous lanthanide and 
actinide elements. In this way Ac- and Th-sources have been prepared from aqueous 
solutions”) and from alcohol-acetone solutions.’*) The paper by Tépr‘® gives a 
qualitative discussion of the conditions for the electrolytical deposition of Ra, Ac 


G. Lance, G. HERRMANN and F. SrrRassMANN, J. Inorg. Nucl. Chem. 4, 146 (1957) 
A. C. Graves and D. K. Froman, Miscellaneous Physical and Chemical Techniques of the Los Alamos 
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*)S. Corerte and M. Harssinsky, C. R. Acad. Sci., Paris 206, 1644 (1938) 
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and Th. Precipitation of macro amounts was used by Dennis and Lemon in an 
attempt to separate rare earth elements. Depov and Kosyakov''® deposited Pu, 
Am and Cm from neutral or weakly acid solutions in water or mixtures of alcohol, 
acetone and water. Preliminary experiments were carried out with Ce and Sm. 
Ko"!!2 deposited Th, U, Np, Am and Cm from aqueous solutions containing 
ammonium formate (e.g. buffered to a pH about 3-6). The increase in pH during 
the electrolysis due to the anodic decomposition of formic acid was reported to 
facilitate the precipitation. A promethium source was prepared by electrolysis in 98 
per cent ethylenediamine''*’ under conditions closely resembling those necessary 
for the preparation of free rare earth metal. Electrodeposition of yttrium from weak 
nitric acid was reported by LANGE ef al.,’ who used this technique for separating 
yttrium from strontium. High yields of carrier-free °°Y and a very good separation 
from “Sr were obtained. It is interesting to note that the deposition rates were 
found to increase with decreasing pH, although no deposition was observed below 
pH |. Under different conditions an effect opposite to this was observed by Depoy 
and Kosyakov."® In connection with recent research in nuclear spectroscopy the 
preparation of £-sources of lanthanide and actinide elements by means of electrolysis 
has been described. Rare earths have been deposited from pyridine“ and from 
ethyl alcohol,"® and actinides from aqueous solutions of ammoniumbisulphate."!* 

In view of the numerous procedures described in the literature, it was felt 
that an investigation of the conditions for formation of hydroxide precipitates at 
a cathode might be of interest. The present paper attempts a theoretical approach 
to this problem with emphasis on the steady state diffusion of hydrogen and hydroxyl 
ions at the cathode surface. The results obtained are summarized in section (3) 
“Discussion”. 


1. THE DIFFUSION EQUATIONS 


The hydroxide formed at the cathode is presumably in equilibrium with hydroxyl 
ions and metal ions. Thus it is known that a deposit formed from acid solution will 
dissolve, if the current is turned off while the electrodes remain in the solution. 
Therefore it is of interest to calculate the pH obtained at the cathode surface during 
the electrolysis. This pH must be the result of a competition between hydrogen ions 
from the solution and hydroxyl ions formed at the cathode surface. The problem is 
somewhat related to the “concentration overpotential” encountered in electrolysis.“ 

A convenient tool when treating problems at an electrode is the diffusion layer."'*» 
Diffusion of ions to and from the cathode surface takes place in this layer (which is 
assumed at rest and of a well defined thickness /), while the rest of the liquid is assumed 
well stirred and of a constant composition. Using this concept the following set of 


*) L. M. Dennis and B. J. Lemon, J. Amer. Chem. Soc. 37, 131 (1915) 
V. B. Depov and V. N. Kosyaxov. Proceedings of the 1st International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1955, Vol. 7, p. 369. United Nations, New York (1956) 
11) R. Ko, HW-32673 (1954). 
’R. Ko, Nucleonics 14, No. 7, 74 (1956); 15, No. 1, 72 (1957) 
J. E. Gates and D. F. Epwarps, Nucleonics 13, No. 12, 57 (1955) 
J. W. Minecicn, T. J. Warp and K. P. Jacos, Phys. Rev. 103, 1285 (1956) 
B. V. Bopyxin and K. M. Novix, Doki. Akad. Nauk SSSR 115, 263 (1957) 
W. G. Smirn, UCRL-2974 (1955) 
See e.g. J. J. LinGane, Electroanalytical Chemistry (a) p. 167; (b) p. 193. Interscience, New 
(1953). 
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equations can be obtained (a list of symbols is given in Table 1). An inert salt is 
assumed to be present in the solution in order to insure electro-neutrality. For simpli- 
city only the one-dimensional problem is treated. Nevertheless the results may be 
expected to be of a rather general validity due to the smallness of /compared to normal 
cathode dimensions. 


TABLE 1.—LIsT OF SYMBOLS 


a, b, c, d Arbitrary constants—see equations (4) and (5) 


CH, CoH Concentration of hydrogen and hydroxy! ions in the diffusion layer 

Cc Hydrogen ion concentration in the solution 

Du, Dou ‘| Diffusion coefficients for the hydrogen and hydroxy! ions 

I Current density at the cathode 

Kw lon product for water 

l Thickness of the diffusion layer 

lon Thickness of the hydroxy] ion layer 

S(x) “Source” term describing the disappearance of hydroxyl and hydrogen ions 
in the diffusion layer 

x Distance from the cathode 


In the steady state cy and con must obey the following equations: 


dey 
— = Dy —— + Sx) =0 (1) 
dt dx? 


d°con 


S(x) = 0 (2) 


dt dx- 


where the S-terms describe the disappearance of hydroxyl- and hydrogen-ions through 
combination with each other. For stoicheiometric reasons these terms must be 


identical. A relation between cy and con is: 


CHCOH Kw (3) 


Integrating equations (1) and (2) and using equation (3) one obtains: 


CH = ax+b (ax + b)? +- —— Kw (4) 


COH cx d (cx dj — Kw (5) 


where a, b, c and d are constants that can be expressed in terms of integration con- 
stants and the D’s. These constants can be found from the boundary conditions. 
Continuity at the diffusion layer—liquid interface gives: 


CH C (for x /) (6) 


Since the rate of production of hydroxyl ions must equal the rate of removal one 
must have: 


de 


I Dou (for x = 0) (7a) 


ax 
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2. APPROXIMATE SOLUTION 


If the current at the boundary between the diffusion layer and the liquid is 
carried mainly by hydrogen ions, the boundary condition (7a) can be replaced by the 
analogous expression: 


dey. 
Dy — (for x l) (7b) 
dx 


Apparently this is true if C* >Aw. Inserting (4) into (6) and (7b) gives: 


(3) 


| 
Dy 


(9) 


- 


| Duc Duy C* Dy* 


Since it has been assumed that | > Kw/C?, three terms in equations (8) and (9) 
can safely be neglected. Therefore a and / can simply be expressed as follows: 


a=1/2Dy (10) 
b= KC —Il/Du) (11) 


The complete pH distribution within the diffusion layer can now be calculated 
from equation (4). As a numerical example Fig. | shows the pH as a function of x 
Vol, for different values of C, with / = 1-03 « 10°% meq/cm*sec corresponding to 100 
12 mA/cm* current density. 
9 From Fig. | it is seen that the curves, in which an inflexion point occurs, with 
good accuracy define a “hydroxyl ion layer” with thickness /o4. Taking the inflexion 
point as a measure of /o4 one obtains: 


lou CDy (12) 


When the inflexion point moves across x = 0 (with increasing C) a rapid change in 
the shape of the pH curve takes place. One sees that only for /on > 0 are high pH 
values obtained at the cathode. The hydrogen ion concentration in the liquid must 
therefore be smaller than Cmax in order that hydroxide precipitation can take place, 
where Cmax is given by: 


Cmax Il Dy (13) 


Correspondingly equation (13) defines a minimum current density if C is con- 
sidered fixed. In this case equation (13) is formally related to the “limiting current” 
encountered in electrolysis (see e.g. ref. 17b). 

For Cmax > C and (Cmax — C) > 4Kw the hydrogen ion concentration at the 
cathode can be expressed as: 

Doukw 
CH —— (for x = 0) (14) 
This expression is obtained by expanding the square root term in equation (4) as a 
Taylor series using the two first terms. 
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For small values of C the hydroxyl ion concentration at the cathode is proportional 
to the current density. In the range of current densities normally applied (1-100 
mA/cm?) high pH values can be obtained (10-8-12-8). This should suffice for most 
precipitation reactions. Rare earth hydroxides have solubility products"* in the 
range 10°-'%-10-*4 moles*//*. For a 10-!°M La-solution the solubility product will 
thus be exceeded at pH I! 1. 


" 


~ 
Ss 
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Fic. 1.—The pH values in the diffusion layer are shown as a function of x, the distance from 
the cathode. Curves are shown for various pH values in the solution. The following numerical 
values have been used 
1-03 10-8 meq cm?sec ~ 100 mA 
Dy 9-0 10° cm? /sec; Dow = 10-5 cm? /sec 
f= 3 cm; Ky 10-14 moles? //* 


3. DISCUSSION 


The results obtained can be summarized as follows: 

(a) Given the current density /, the maximum hydrogen ion concentration 
Cmax (in the liquid) at which hydroxide deposition at the cathode can take 
place is given by equation (13). 

(b) The pH in the diffusion layer varies in such a manner that a hydroxyl ion 
layer with thickness /on can be defined (as long as Cmax > C). /on is given 
by equation (12). 
pH at the cathode is a rapidly varying function of C for C ~ Cmax. If 
Cmax > C and (Cmax — C)? > 4Kw the hydrogen ion concentration at the 
cathode surface is given by equation (14). 


(18) C. Sneep and M. Brastep (Editors), Comprehensive Inorganic Chemistry Vol. 1V, p. 170. Van Nostrand, 
New York (1955). 
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Fig. 2A shows the dependence of /on on C for fixed values of J and /. Fig. 2B 
shows for the same set of conditions the pH at the cathode surface as a function of 
C. It is seen that as C approaches Cmax, the pH stays almost constant while /ox 
diminishes. Presumably the formation of metal hydroxide begins at the distance Joy 


102 low 


' 
' 
| 


Cmoles/ 


0 
0 


Fic. 2.—A. The thickness /,,,, of the hydroxyl ion layer as a function of C, the hydrogen ion 


concentration in the solution 
For C > Cmax /on is not defined 
B. The pH at the cathode surface versus ( 
The numerical values used are the same as in Fig. | 


from the cathode. It seems likely that the rate determining process in the electro- 
deposition of insoluble hydroxides is the transport of hydroxide through the “hydroxy! 
ion layer’. In this case one will expect increasing deposition rate with decreasing 
lou —that is with C approaching Cmax. 

The existing experimental evidence does not suffice for a detailed check on the 
predictions given above. Best suited for a comparison is the investigation by LANGE 
et al.’ These authors worked with aqueous nitric acid solutions. Strontium nitrate 
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was added so the solutions were 1-87 « 10-3 M with respect to Sr?*. Although this 
amount is too small to act as a constant salt medium, it still is a feature which may 
help to compensate for charge and conductivity effects. Unfortunately the current 
density is not known for most of these experiments; usually, only the applied volt- 
age is given. In the following, the predictions (a)-(c) are compared with available 


experimental results. 

(a) The deposition of yttrium’ was found to begin at a pH about 1-5 for an 
applied voltage of 12 V. Assuming this to correspond to a current density about 
100 mA one obtains from equation (13) for / = 3 « 10-8em: Cmax = 3-4 10-2 
corresponding to pH 1-46. It was furthermore found that at pH 2-54, the deposition 
Started at a current density about 10 mA/cm?*. In this case one obtains Cmax 
3-4 x 10°%, that is pH 2-46. The agreement between experimental and predicted 
values is thus relatively good. It must be taken into account that the value for / 
was chosen rather arbitrarily (see e.g. ref. 19 for some experimental values), and that 
the two measurements quoted above were carried out at different temperatures. 

(b) The deposition rates were found” to increase with decreasing pH when the 
applied voltage was kept constant. This is qualitatively in agreement with what 
might be expected from the decrease in thickness of the hydroxyl ion layer. Depov 
and Kosyakov,"'® however, found a pH dependence for the electrodeposition of 
Am, which is opposite to the one discussed above. The situation is thus not at all 
clear. 

The curves shown in Fig. | would tend to indicate a constant deposition rate at 
the higher pH values since /oy ~ /. Experimentally" this was not found. Two 
factors, however, must be taken into account. Firstly a considerable anodic deposition 
was observed"! starting at pH 3-5 and reaching a maximum at pH 5-7. Competition 
from processes of this kind may well influence the deposition rate at the cathode. 
Secondly the computed pH distributions should be regarded with caution in regions 
remote from the cathode, since the calculations are based on the assumption of a 
diffusion layer at rest with a sharp boundary. This assumption should be taken only 
as a convenient way of averaging results, although it probably will result in quite 
accurate predictions for phenomena taking place close to the cathode. Predictions 
with respect to phenomena distant from the cathode can hardly have anything but 
qualitative significance. 

(c) The satisfactory deposition of many lanthanide and actinide elements 
also in tracer amounts—goes well with the result that pH values between 11 and 13 
can be obtained easily at a cathode where hydrogen evolution takes place. 

Unfortunately the present treatment does not include anything but qualitative 
Suggestions with regard to the deposition rate. Empirically it has been found” 
that the deposition curves have approximately an exponential shape. This would 
however be true as long as the amount deposited per unit time is proportional to the 
amount present in the solution. Presumably the deposition rate will be dependent on 
factors such as the diffusion rate of the free metal ion, the thickness of the hydroxyl 
ion layer and the speed of motion of the metal-hydroxyl complex (may be as a radio- 
colloid) through this layer. Furthermore the adherence of the precipitate to the 
electrode must be taken into account (see e.g. refs. 5 and 12). 


J. FAHLAND, G. HERRMANN and F. SrrRassMaNnn, J. Jnorg. Nucl. Chem. 7, 201 (1958) 
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The conditions for electrodeposition of insoluble hydrozides at a cathode surface 


4. CONCLUSION 

The theory presented above may possibly explain some of the features connected 
with the electrodeposition of insoluble hydroxides. It is hoped that the results will 
become useful to predict conditions for such processes. Further experimental data 
are needed in order to test the validity of the hypothesis presented. A crucial test is of 
course the applicability of equation 13. 

In principle it should be possible to apply the scheme used here also to other 
electrodeposition processes, where a precipitating agent is generated at an electrode. 
Deviations from the trivial case should appear where the precipitating agent is removed 
continuously through a reaction with some component in the solution 

Very little is known about the deposition rate. Further information would be 
desirable in view of the great practical interest in obtaining faster procedures. 
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ELECTROMETRIC STUDIES ON SILVER ARSENITES 


RAM SAHAI SAXENA and C. S. BHATNAGAR 
Chemical Laboratories, Government College, Kota (Rajasthan), India 
(Received 23 March 1959) 


Abstract—The formation and composition of silver arsenites obtained by the addition of AgNO» 
to NaAsOz and vice versa at pH 9-85, 11:25 and 12:28 have been studied potentiometrically using 
a Silver electrode in conjunction with a saturated calomel electrode and KNOsz salt bridge. Three 
definite arsenite compounds are formed having the molecular formulae AgzO-As2Os, 2AgeO-AsoO3;; 
3Ag20-As2Oz at pH 9-85, 11:25 and 12-28, respectively. The proportion of AgeO increases with the 
amount of alkali used in the preparation of the sodium arsenite solution. The potentiometric titration 
curves are regular in form, a pronounced maximum in dE dC occurs at the end-point, and the results 
are accurate and reproducible 


A survey of the literature reveals that there are few references to silver arsenites 
and most workers have based their conclusions on analytical investigations. Simon"? 
observed that an aqueous solution of AseO3 gave a white turbitity with AgNOs, 
which turned yellow in presence of alkali. FiILHo.'?’ reported the formation of a 
normal arsenite on the addition of an aqueous solution of AseO3 to an ammoniacal 
solution of AgNOx3. According to Pasteur? silver pryoarsenite AgyAseoOs is formed 
when an alkali pyroarsenite is added to an aqueous solution of AgNOs, but the salt 
could not be obtained in a pure state. SANTos'*’ obtained AggAsQOsz as a yellow preci- 
pitate with an alkali orthoarsenite and mentioned that mono- and di-hydrogen arsenites 
may also be obtained by mixing AgNOgs and sodium arsenite in suitable molecular 
proportions; the normal arsenite was almost insoluble in water, but dissolved in 
presence of acids. KUHN’ reported that the salt was also soluble in excess alkali 
and that if the solution was heated, silver was precipitated. MAyer'®’ observed that 
the product of interaction of KAsOs and AgNOs is AgsAsQOs, and this view was further 
supported by BRAND and ROSENKRANZ.'?? 

The investigation of arsenites is made difficult by the adsorption of arsenite by 


metallic hydroxides; the conversion of orthoarsenite to pyro- and meta-arsenite 
takes place with much greater ease and these dissolve in excess alkali or acid.‘ 
Consequently analytical methods have failed to give a correct view of their composition. 


J. F. Simon, Pogg. Ann. 40, 419 (1837) 

E. Fitnor, J. Pharm. Chim. 14, 331 (1848) 

L. Pasteur, J. Pharm. Chim. 14, 331 (1848); Ann. 68, 309 (1848). 

J. R. Santos, C.R. Acad. Sci., Paris 144, 641 (1907). 

O. B. KUHN, Arch. Pharm. 2, 69, 267 (1852) 

A. Mayer, Ann. Sci. Univ. Jasse Part 1, Maths. Phys. Chem. 24, 201-210 (1938). 

K. BRAND and E. ROSENKRANZ, Pharm. Zentral. Halle 79, 537-542 (1938). 

F. Epuraim, Textbook of Inorganic Chemistry p. 745 (translated by P. C. L. Tuorne and E. R. Roserts). 
Gurney and Jackson, London (1949). 
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Electrometric studies on silver arsenites 


TABLE |.—SUMMARY OF RESULTS OF POTENTIOMETRIC TITRATION 


Equivalence point (ml) 
Molarity of solutions q Pe 


| 


- | Observed from dE dé 
| Calculated | in presence of alcohol 


Formula 
NaAsOz AgNO; | 


| 
| 


| | | om | 2% 


Direct titrations 


NaAsOsz soln. at pH 9-85 added to 20 ml of AgNOs soln. at pH 6-60 (Fig. 1, Curves 1-4) 
M 10 | M_ 50 40 | 4-05 
M 50 M_ 200 5-0 5-04 
M 200 M 600 666 | 670 


40 AgAsOs or 
4-98 AgeO AseOs) 
6°65 


| 


NayAseOs5 (2NaAsOz + 2NaOH) soln. at pH 11:25 added to AgNOs soln. at pH 6-60 
(Fig. 2, Curves 1-4) 


M 10 M 10 5-0 4-85 4-96 AgsAseOs or 
M 40 M 50 40 3-92 3-96 (2Ag2O-AseOs) 


NasAsOz3 (2NaAsOz 4NaQOH) soln. at pH 12:28 added to AgNOs soln. at pH" 6-60 
(Fig. 3, Curves 1-4) 


M 50 | 440 | 436 | 442 AgsAsOs or 
M10 | M/10 666 | 658 | 664 (3Ag2O-AseOs) 


Reverse titrations 


AgNO; soln. at pH 6°60 added to NaAsOz soln. at pH 9-85 (Fig. 4, Curves 5-8) 


MSO | M10 | 40 3-90 3-95 AgAsO» or 
M 400 | M/100 | 50 | 494 | 4-98 (AgeO-As2Os) 


AgNOs soln. at pH 6°60 added to 20 ml of NasAseOs (2NaAsOe ~ 2NaQOH) soln. at pH 11°25 
(Fig. 5, Curves 5-8) 


M 200 | M 10 | 40 3-85 | 3-95 AgsAseOs or 


M800 | MSO 5-0 | 488 4:96 (2Ag2O-As2Os) 


AgNOs soln. at pH 6°60 added to 20 ml of NasAsOs (2NaAsO» ~ 4NaQOH) soln. at pH 12:28 
(Fig. 6, Curves 5-8) 


| M/25_ | 3-75 3-55 | 3-65 AgsAsOs or 
M_ 100 | M10 | 60 5-80 5-92 


In view of the difficulties associated with analytical work, and in the absence 
of any decisive views on the composition of silver arsenites, it was considered worth 
while to make a detailed and systematic study of the formation of silver arsenites 
at definite hydrogen ion concentrations by applying physicochemical methods which 
have given more conclusive evidences on the composition of complexes.‘® In this 
paper the results of potentiometric titrations are discussed. 


(9) R. S. Saxena, Z. Anal. Chem. 160, 353, 194 (1958); Naturwissenchaften 45, 128, 438, 11 (1958); Anal. 
Chim. Acta 19, 402 (1958); J. Indian Chem. Soc. 35, 665, 830 (1958); J. Sci. Ind. Res. (India), 17B, 505 
(1958); Curr. Sci. (India) 27, 487 (1958). 
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EXPERIMENTAL 


Merck’s guaranteed extra pure reagents (AgNO; and NaAsOz) were used. Silver nitrate solutions 
were estimated by Volhard’s method and sodium arsenite solution was standardized by titrating 
against a standard iodine solution. The pH of NaAsOsz solutions was measured with a glass electrode 
and buffer solutions. Suitable amounts of NaOH were added to NaAO: solutions in definite molecular 
proportions to vary the pH. 


> 
NoAsO> (pH-9-85) added to of AgNO.(pH-66 
Direct titrations. Curve (1): (M/10)NaAsOe; Curve (2): (M_ 50)AgNQOs; 
Curve (3): (M_/50)NaAsOz and Curve (4): (M/50)AgNOs. 


Using different concentrations of AgNO; and sodium arsenite solutions at pH 9°85, 11:25 and 


12-28, potentiometric titrations were performed by both direct and inverse methods, i.e. when sodium 
arsenite solution from a micro-burette was added to AgNOsz solution in the electrode cell and vice 


versa. 

For precise and steady e.m.f. measurements a platinum gauze electrode was used. This was 
electrolytically coated with silver at a low current density (current 2-10 mA) in a bath of pure 
potassium silver cyanide, and was used as an indicator electrode in conjunction with a saturated calomel 
electrode, the connexion between the calomel half-cell and the titration vessel being through a 
saturated KNOs salt bridge. The electrode cell was immersed in an electrically-maintained thermostat. 
The solution was continuously stirred by an electrically-driven stirrer and the e.m.f. was measured 
on a Cambridge (null-deflexion type) pH meter. Curves were plotted of E(obs) vs. the volume of 
the titrant added in ml. A sharp deflexion in the curve occurs at the end-point, marked by a pro- 
nounced maximum in dE dC. Titrations were also carried out in presence of varying concentrations 
of ethanol. 20 ml of the reagent was taken in the cell each time. 
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DISCUSSION 


The pH of a stock solution of NaAsOz was found to be 9-85. By progressive 
additions of calculated amounts of NaOH solution, the pH is gradually increased, 
and when NaOH is mixed with NaAsOg in the molecular ratio 1:1 and 2:1, the 
corresponding compounds are NayAs2Os (sodium pyroarsenite) and NagAsO3(sodium 
orthoarsenite), and the pH of their solutions were found to be 11-25 and 12-28 re- 
spectively. 


500} goo} 400) 


| 
| | 
| | 
+ 
\ 


Aqueous 


| 


Aqueous 


No. As.0.(pH-!-25) added to 20 mi of AgN pH-6°6) 


Fic. 2.—Direct titrations. Curve (1): (M/10)NasAseO5; Curve (2): 10)AgNOs; 
Curve (3): (M_ 40)NasAseOs5 and Curve (4): (M_ SO)AgNOs. 


It is clear from Figs. | and 4 and from the summary of observations in Table | 
that when AgNOsz solution is added to NaAsOz solution (pH 9-85) or vice versa, 
and the potential is plotted against the volume of the titrant in ml, sharp deflexion 
occurs when the molecular ratio of AgNO3 : NaAsOz is | : |, corresponding to the 
formation of silver metaarsenite, AgAsOz or AgoO-AseO3. At pH 11-25, the poten- 
tiometric titrations between AgNOx3 and Na;AseOs suggest the formation of a bright 
yellow compound silver pyroarsenite having the molecular formula Ag sAseOs 
(Figs. 2 and 5). The titrations of AgNO3 and NagAsOz3 at pH 12-28 show a sharp 
break at the equivalence point, and the precipitate formed corresponds very closely 
to yellow silver ortho-arsenite, AgsAsO3 or 3Ag2O-AsoQOs. 

In direct titrations with silver nitrate as titre, a yellowish granular precipitate 
is formed which begins to assume a colloidal form on the addition of excess of NaAsOz 
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after the end-point; when AgNOs is added to NaAsOz the precipitate first formed 
is colloidal in nature but at the end-point it settles, leaving a clear supernatant liquid. 

When arsenite solutions at different pH values are added to the silver salt, the end- 
point is marked by a sharp fall in potential (Figs. 1-3). In the reverse process with 
AgNOQOs as titrant, the e.m.f. gradually rises from the beginning of the reaction till at 


AgNO. (pH-6-6) added to 20 mi of No,As,0 pH-1!-25) 


Fic. 5.—Reverse titrations. Curve (5): (M/10)AgNOs; Curve (6): (M_ 200)Na,Aso0;; 
Curve (7): 50)AgNOsz and Curve (8): (M_ 800)NasAseOs. 


the equivalence point a marked upward jump is obtained after which the potential 
assumes an almost constant value (Figs. 4-6). After each addition of the reagent, the 
e.m.f. rapidly becomes steady; a thorough stirring in the vicinity of the end-point 
has a favourable effect, and the whole titration takes about half an hour. The titration 
curves have a regular form; a pronounced maximum in dE dC is obtained at the end- 
point and the results are accurate and reproducible. The addition of alcohol to 
the reaction mixture at varying concentrations slightly improves the end-point, as 
the presence of alcohol reduces the adsorption of arsenite and also the solubility 
of silver arsenite precipitates. The arsenite precipitates dissolve in excess of alkali 
and also in acids and hence the precipitation of one or the other compound depends 
upon the pH of the medium. 
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i 
(8) 
20 %e aicoho 
(6) Us 
Reverse 
tration 


T 600} 400} 


YI Aqueous 


AgNO.(pH-6-6) added to 20 mi of Na, AsO, (pHi2-28) 


FiG. 6.—Reverse titrations. Curve (5): (M/25)AgNOsz; Curve (6): (M,/400)NasAsOz3; 
Curve (7): (M_ 10)AgNOz and Curve (8): (M_ 100)NasAsOsz. 


The reactions between AgNO3 and NaAsOz at different pH values can be re- 
presented as follows: 
NaAsO» 
NayAseoOs 
NasAsOz 


4AgNO3 
3AgNOz 


AgAsOe 
AgiAsoOs 
AgsAsO3 


NaNOs(pH 9-85) 
4NaNO3(pH 11-25) 
3NaNOsg(pH 12:28) 
The composition of silver arsenites can thus be represented by the general formula 
x AgeO-As2QO3; the proportion of AgeO in the compound increases with the amount of 
alkali used in the preparation of the arsenite solutions i.e., with the pH of the medium 
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SOME REPLACEMENT REACTIONS ON 
SILICON AND SULPHUR (IV) ATOMS 


B. R. Currect, M. J. Frazer, W. Gerrarp, E. Haines and L. LEADER 


The Northern Polytechnic, London, N.7 
(Received 6 August 1958; in final form 22 March 1959) 


Abstract——Stepwise replacement of the chlorine atoms in silicon tetrachloride by alkoxy! groups has 
been effected by reaction with dialkyl sulphites. In contrast, there is a slower reaction between 
tetra-alkoxysilanes and thionyl chloride which leads by successive replacements of alkoxyl groups 
to silicon tetrachloride. By these reactions it is possible to replace only one chlorine atom in thionyl! 
chloride by an alkoxyl group, and only one alkoxyl group in a dialky! sulphite by a chlorine atom. 
These results have correlation with those being obtained in a comprehensive study of mutual replace- 
ment of alkoxyl by halogen in inorganic non-metal halide systems. 


THE present work forms part of a more extensive investigation'!-*’ into the reactions 
between esters of inorganic acids and non-metal halides. In general, such reactions 
yield a mixture of chloro-esters, by mutual replacement reactions on the non-metal 
atoms. Examples are the fast reaction between alkyl borates and boron trichloride,® 
the catalysed reaction between thionyl chloride and dialkyl sulphites to give the 
alkyl chlorosulphinate’ and the much slower reaction between silicon tetrachloride 
and alkoxysilanes.'’*? We are now examining reactions in which the non-metal atoms 
in the ester and the acid chloride are different 

Successive replacements of the chlorine atoms in silicon tetrachloride with alkoxyl 
groups has been effected by the action of dialkyl sulphites (equations 1-4). In con- 
trast, tetra-alkoxysilanes react much more slowly with thiony! chloride, 


SiCl, ——» ROSiCls + ROSOC! (1) 


(RO),SO 


(RO)SICl, — ROSOC! 


(RO),SO 


- (RO)SICl — ROSOCI (3) 


(RO)SO 


-(RO)Si ROSOCI (4) 


(RO)SO 


although on prolonged treatment it was possible to isolate silicon tetrachloride 
(equations 5-8). Examination of equations (1)-(8) reveals that, 


(1) J, Pearic, W. Gerraro and H. Herast, J. Chem. Soc. 1488 (1957) 
2) W. Gerrarp and J. Srricxson, Chem. &. Ind. 860 (1958) 
W. Gerrarp and M. F. Laprert, J. Chem. Soc. 2545 (1951) 
W. Gerrarp, J. Porter and P. L. Research 33 (1955) 
W. Gerrarp and J. V. Jones, J. Chem. Sec. 1690 (1952) 
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(RO),Si RO)s3SiCl — ROSOC] 


(RO)SICl. — ROSOC!I 


ROSICls ROSOC! (7) 


soci 


- SiCl, — ROSOCI (8) 
SOc! 
whereas groups attached to silicon are all replaceable this is not the case with the 
sulphur compounds, and there was no evidence that the chlorosulphinate reacted 
further with either silicon tetrachloride to give thionyl chloride, or with alkoxysilanes 
to give dialkyl sulphites. 

We believe that a general feature of these reactions is the nucleophilic attack of the 
alkoxyl oxygen atom of the ester on the non-metal atom of the acid chloride, and 
also that it may be convenient to consider this process in terms of a “broadside 
four centre approach.”’'® 


R 


Consequently reactions are encouraged by low electron density on the halide non- 
metal atom. For example, chlorine attached to silicon facilitates the reaction—(1) 
is faster than (2), etc.—and the opposite effect is caused by alkoxyl groups, possibly 
due to back co-ordination from the oxygen to silicon. The inactivity of the chloro- 
sulphinate with silicon chloride and with silicon esters is explained by the weaker 
nucleophilic power of its oxygen atom, compared with those in the dialkyl sulphites, 
notwithstanding the expected electrophilic power of sulphur due to: 


O 


Cl 


EXPERIMENTAL 
(1) Interaction of alkyl sulphites and silicon tetrachloride 


(a) Sulphite (4 moles). Silicon tetrachloride (1 mole), the dialkyl sulphite (4 moles) and pyridinium 
chloride (0-2 g) were heated under reflux at 100° for the time stated (Table 1) until no more sulphur 
dioxide was evolved. Distillation gave the alkyl chloride and then the tetra-alkoxysilane in the yield 
Stated. 

(b) Sulphite (3 moles). A mixture of n-butyl sulphite (48-61 g, 3 moles), silicon tetrachloride (1 
mole) and pyridinium chloride (0-1 g) was allowed to stand at 20 for 24 hr. Distillation gave 
n-butyl chloride (83°,), b.p. 76-78 and tri-n-butoxychlorosilane (16°5 g, 69°), b.p. 158-163 
10mm. (Found: Cl, 11-3; Si, 9-4. Cale. for C;2He7OsCISi: Cl, 12-5; Si, 99°.) 


W. Chem. &. Ind. 463 (1951) 


| (5) 
(6) 
SOC! 
R 
O Si 
e.g. 
S Cl 
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Tetra-alkoxysilane Literature values 


Time | 
(hr) | Yield | 


Sulphite 
b.p ny” b.p ny"? 


3882 18 38401" 


3705 
4030 ’ +5 1. 4020'" 


Methyl- 118-120 
Ethyl- 161-166 
n-Propyl- | 106-110" 13 mm 


l 
Isopropyl- | 2-75" 14mm 1.3882 13 mm 
l 


n-Butyl- 160-162" 25 mm 4150 ) mm 4139 
Isobutyl- 2 ' 127-130° 14 mm 4075 8-5 91° 0-S mm 4075"! 
s-Butyl- ’ 126-128" 20 mm 4100 ’ 0-5 mm 4086 
n-Octyl- 210° 0-2 mm 4390 49 mm 1.439613 


(c) Sulphite (1 mole). Similarly n-butyl sulphite (24-54 g, | mole), silicon tetrachloride (1 mole) 
and pyridinium chloride (0-5 g) after being at 20 for 24 hr gave n-butoxytrichlorosilane (24-78 g, 
94°), redistilled (18-2 g), b.p. 38° 10 mm. (Found: Cl, 50-2; Si, 13-7. Cale. for CysHyOClsSi: Cl, 
$1-2; Si, 13-3 %.) 

Mixtures of silicon tetrachloride (1 mole) and dialkyl sulphite (1 mole) were allowed to stand 
at 20 (a) in the presence and (b) in the absence of pyridinium chloride. After the time intervals shown 
(Table 2), the unreacted silicon tetrachloride was removed at 15 mm, and the extent of the reaction 
estimated 


Tasie 2 


(a) Absence of CsHgNCl ib) Presence of CsHgNCl 


Sulphite 
Time (hr) , Reaction Time (hr) Reaction 


n-Propyl- 95-6 7 97-4 
lsopropyl- 77-8 96-9 


n-Butyl- 100-0 5 91-9 


This catalytic effect has significance, for the frequent use of pyridine for the preparation of esters from 
inorganic non-metal halides often results in pyridinium chloride being a trace impurity. GERRARD 
and Jones'®) showed that although pure tetrabutoxysilane and silicon tetrachloride did not react, 
dialkoxydichlorosilane was slowly formed in the presence of pyridinium chloride. BarTLeTT and 
HERBRANDSON''*) and GerRARD ef a/.'*) have investigated the formation of alkyl chlorosulphinate 
from thiony! chloride and dialkyl! sulphite (equation 9), and have shown that the speed of the reaction 
is greatly increased by the presence of pyridinium chloride and similar salts, and that this 
CH NC 
(RO}SO — 2ROSOC! 
was not due to the catalysed decomposition of the chlorosulphir ate (equation 10) 
C,H,NCI 

ROSOC! SOz (10) 
The necessarily long reaction times in the present work, made the isolation of the alkyl chlorosulphinate 
product difficult owing to decomposition (equation 10). In fact usually no such attempt was made 
and the heating was continued until no more sulphur dioxide was evolved. The exact function of the 


pyridinium chloride in this and other systems ts still not clear. 


G. Forses and H. ANperson, J. Amer. Chem. Soc. 66, 1703 (1944) 

D. F. Perrparp. W. Brown and W. Jonnson, J. Amer. Chem. S 68, 73 (1946) 
J. Peaxe et al., J. Amer. Chem. Soc. 74, 1526 (1952) 

D. Brapiey, R. Menwrorra and W. Warpiaw, J. Chem. Soc. 5020 (1952) 

T. TaAKATAN!, Bull. Chem. Soc. Japan 27, 45 (1954) 

W. Gerrarp and A. Woopnean, J. Chem. Soc. 519 (1951) 

'C. MorGan and W. Ops, /ndustr. Engng. Chem. 4§, 2592 (1953) 

P. D. Bartierr and H. F. Hereranpeson, J. Amer. Chem. Soc. 74, 5971 (1952) 
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(d) Chlorosulphinate (1 mole). Silicon tetrachloride (11-04 g, 1 mole) and n-butyl! chlorosulphinate 
(1 mole) were mixed, and after 24 hr at 20°, the unchanged tetrachloride (8-74 g), b.p. 56-58" and 
n-butyl chlorosulphinate, b.p. 50-52", 2 mm. (Found: Cl, 22-97. Calc. for Cs4HoOoClS: Cl, 22-66 °%) 
were obtained. 

n-Butoxytrichlorosilane (11-3 g, | mole) and n-butylchlorosulphinate (1 mole) were heated under 
reflux at 100° 30 mm (12 hr). A liquid (0-5 g) collected in a trap at — 80 . Mainly n-butoxytrichloro- 
silane (11-35 g), b.p. 51-54 15mm. (Found: Cl, 43-9. Calc. for CsH9OCIsSi: Cl, 51-25 °%), redistilled 
b.p. 52°15 mm. (Found: Cl, 47-7°%), a mixture (4-2 g), b.p. 54-65°/15 mm, (Found: Cl, 32-7 %), 
and mainly n-butylchlorosulphinate (2-5 g), b.p. 65-68 10 mm. (Found: Cl, 24-3. Calc. for 
C,HsO2CIS: Cl, 22:6°%) were then isolated. 


TABLE 3 
Time SiCl, yield 
(RO).Si (hr) (%) (Found: 
Methoxy- 7 | 64 44-0 
Ethoxy- 25 63 43-2 
n-butoxy- 42 53 43-5 


* Cale. 43-3°% 

(2) Interaction of alkoxysilanes and thionyl chloride 

(a) Thionyl chloride (4 moles). The tetra-alkoxysilane (1 mole), thionyl chloride (4 moles) and 
pyridinium chloride (0-8 g) were heated under reflux at 100° for the time stated (Table 3). It was 
found that separation of the silicon tetrachloride from the reaction mixtures which contained alkyl 
chloride, thionyl chloride and alkoxychlorosilanes by distillation was protracted; but by addition of 
excess pyridine in n-pentane, the silicon tetrachloride-pyridine complex'!®) was precipitated, filtered, 
washed, dried and weighed and then the silicon tetrachloride calculated. 

(b) Thionyl chloride (2 moles). Tetra-n-butoxysilane (32-02 g, 1 mole), thionyl chloride (2 moles) 
and pyridinium chloride (0-8 g) were heated at 120° for 32 hr. Distillation afforded: 

(1) n-butyl chloride (60-5°,), b.p. 78° (Found: Cl, 38-5. Cale. for CsHoCl: Cl, 38-3°%); (2) di-n- 

butoxydichlorosilane (13-55 g, 565°), b.p. 90-104" 17 mm. redistilled (12-3 g) b.p. 102° /18 
mm. (Found: Cl, 28-8; Si, 11-32. Calc. for CsH:sOeCleSi: Cl, 28-9; Si, 11-4°%) and (3) tri-n- 
butoxychlorosilane (7-38 g) b.p. 130° 17 mm, redistilled b.p. 134° /18 mm. (Found: Cl, 12-8: 
Si, 10-4. Cale. for C;2He7OsCISi: Cl, 12-5; Si, 9-9°%,.) 

Tetra-n-butoxysilane (6-4 g, 1 mole) and thionyl chloride (2 mole) in the absence of pyridinium 
chloride at 100° for 1 hr gave thionyl! chloride (3-58 g, 75°), b.p. 60-72°, mp2 1-5190; impure tri-n- 
butoxychlorosilane (2-6 g), b.p. 118-140° 10 mm, mp*° 1-4170 and unchanged tetra-n-butoxysilane 
(3-21 g), b.p. 98° 0-3 mm, mp2 1-4140 (Found: Si, 8°62. Calc. for C:gH3e0.Si: Si, 8-76°,). In another 
experiment the same quantities of reactants heated under reflux at 160° for 57 hr gave thionyl chloride 
(2°66 g, 56°), b.p. 70-73°, mp? 1-4968 ; impure tri-n-butoxychlorosilane (4-95 g), b.p. 114-140° /14 mm, 
np** 14150 (Found: Cl, 7-03°,) and the tetra-ester (0-7 g), b.p. 140°/14 mm, mp2? 1.4140 (Found: 
Cl, none). 

(¢) Thionyl chloride (1 mole). Thionyl chloride (9-8 g, | mole) was added slowly (0-5 hr) to a mix- 
ture of tetra-ethoxysilane (1 mole) and pyridinium chloride (0-2 g), at 120°. Distillation gave a 
fraction (1:10 g), b.p. 45-48°/12 mm, triethoxychlorosilane (13-4 g, 82°), b.p. 52-53°/12 mm. 
(Found: Cl, 17-5. Cale. for CeH:sOsClISi: Cl, 17-8°,) and a residue (1-90 g). 

Tetra-isobutoxysilane (25-90 g, 1 mole), thionyl chloride (1 mole) and pyridinium chloride (0-8 g) 
heated at 120° for 10 hr gave sulphur dioxide (5-0 g, 0-9 mole), and (1) a liquid (1-7 g), b.p. 60-80", 
(2) a fraction consisting of a colourless liquid and some white solid (21-8 g), b.p. 110-120° /15 mm 
and a residue (1-50 g). Fraction 2 on filtration gave pyridinium chloride (0-75 g) (Found: Cl, 30-2. 
Cale. for CsHeNCl: Cl, 309°) and a filtrate (20-3 g), which on distillation yielded tri-isobut- 
oxychlorosilane (17-8 g, 79°), b.p. 118-120°/15 mm. (Found: Cl, 12-5. Calc. for Ci:2H27OsCISi: 
Cl, 12-5 %). 


(15) W. R. Trost, Canad. J. Chem. 29, 877 (1951). 
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OBSERVATIONS ON THE RARE EARTHS—LXX* 


SOME CHARACTERISTICS OF ETHYLENEDIAMINETETRAACETIC ACID, 
N-HY DROXYETHYLETHYLENEDIAMINETRIACETIC ACID, AND 
1,2-DIAMINOCY CLOHEXANETETRAACETIC ACID CHELATES 
OF CERTAIN RARE-EARTH METAL IONS 


T. MoeLLer and E. P. Horwitz 


Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 
(Received 3 December 1958) 


Abstract—Chelates of the types Ln(HEDTA)-xH2O and Ba[{Ln(DCTA)]e-yH2O have been isolated 
for neodymium, samarium, europium, gadolinium and yttrium by precipitation with alcohols. 
X-ray diffraction data show isomorphism within each series of compounds. Magnetic susceptibility 
data for several of these chelates and the corresponding ethylenediaminetetraacetate chelates indicate 
that the 4/ electrons are not involved in bond formation. Absorption spectra data confirm this 
conclusion and indicate further that no correlation exists between alterations in absorption 
characteristics and chelate stability. Infra-red data and dehydration studies suggest that in 
Ln(HEDTA)-xH2O0-type compounds, five co-ordination positions are occupied by the chelating 
agent and the sixth by water. 


Tue utility of ethylenediaminetetraacetic acid [abbreviated hereinafter EDTA)] as 
a complexing agent in ion-exchange separations of both light and heavy rare-earth 
metal ions has prompted corresponding study of other structurally similar chelating 
agents, e.g. N-hydroxyethylethylenediaminetriacetic acid [abbreviated HEDTA)] 
and 1,2-diaminocyclohexanetetraacetic acid [abbreviated H;(DCTA)]."-*’ The inter- 
actions in solution of rare-earth metal ions and these three complexing agents have 
been explored extensively.!~®? 

Although the existence in solution of species of the types Ln(HEDTA) and 
Ln(DCTA)- (Ln = yttrium or any rare-earth metal ion) is well established," the 
only description of a corresponding isolated compound is a single observation on 
the sodium salt of the neodymium-1,2-diaminocyclohexanetetraacetate anion.‘* 
With ethylenediaminetetraacetate, however, moderately strong acids (H[Ln(EDTA) 
(H2QO)]-xH2O) and salts and 


* For part LXIX, see T. Moetter and G. W. Cutten, J. Inorg. Nucl. Chem. 10, 148 (1959). 
(1) F, H. Speppine, J. E. Powerit and E. J. WHee_wricut, J. Amer. Chem. Soc. 78, 34 (1956). 
L. and L. HarRTINGER, Angew. Chem. 66, 586 (1954). 
(3) T. Moetcer and J. C. Brantiey, J. Amer. Chem. Soc. 72, 5447 (1950). 
(4) BE. J. WHee_wricut, F. H. Speppinc and G. Schwarzensacn, J. Amer. Chem. Soc. 75, 4196 (1953) 
(5) G. Scowarzenspacu, R. Gut and A. ANpEREGG, Helv. Chim. Acta 37, 937 (1954). 
L. Hotteck and D. Ecxarprt, Z. Naturf. 8a, 660 (1953). 
‘7) L. Hotteck and D. Ecxarprt, Z. Naturf. 9a, 347 (1954). 
L. and D. Ecxarprt, Z. Naturf. 9b, 274 (1954). 
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Observations on the rare earths 


have been isolated as crystalline solids.‘*-'’ These compounds have been charac- 
terized and related to each other by data from pH titration, X-ray diffraction, dif- 
ferential thermal analysis, and phase rule studies. Infra-red data indicate that no 
more than five co-ordinating positions of the rare-earth metal ion are occupied by 
the chelating agent, leaving an uncomplexed carboxyl group.'® 

It was logical, therefore, to extend such studies to the isolation and characteriza- 
tion of HEDTA- and DCTA-type chelates and to apply the techniques of infra-red, 
visible, and ultra-violet spectra and of magnetic susceptibility to an evaluation of 
structure and nature of bonding in these species. Some additional data on EDTA- 
type chelates were obtained for comparison. 


EXPERIMENTAL 


Materials employed. Yttrium and rare-earth metal! oxides of 99° per cent to atomic weight purity 
were from the University of Illinois stocks. These were converted to carbonates by dissolving in 
25 per cent trichloroacetic acid and hydrolysing on the steam bath to effect precipitation.''* 
The crystalline carbonates were removed by suction filtration and dried at 110°C for 48 hr. With 
praseodymium, the oxide PreQ;; was reduced with hydrazine hydrate prior to treatment with 
trichloroacetic acid. Reagent grade ethylenediaminetetraacetic acid, trans-1, 2-diaminocyclohexane- 
tetraacetic acid, and N-hydroxyethylethylenediaminetriacetic acid were obtained from the Geigy 
Chemical Corporation. All other materials were of analytical reagent quality and were used without 
further purification. 

Preparation of Ln(HEDTA)-xH2O. Solutions containing the chelates were obtained by treating 
the yttrium or rare-earth metal carbonate with a hot, aqueous solution of the acid in a 1:1 mole 
ratio Ln to Ha( HEDTA). In a typical case, 2:0 g (4:28 10°-* mole) of neodymium carbonate was 
treated with 2-38 g (8-56 = 10°? mole) of N-hydroxyethylethylenediaminetriacetic acid in 75 ml of 
water. Reaction to give a clear solution was complete in 10 min. 

Evaporation of the resulting solutions yielded tar-like films rather than crystalline products. 
However, recovery of the chelates was effected by precipitation with i-propanol. In a typical instance, 
i-propanol was poured slowly and with vigorous shaking into 75 mi of solution containing roughly 
8-5 10-3 mole of the neodymium chelate. A finely divided precipitate formed after addition of 
200 ml of the alcohol. This precipitate settled in 30min. The solid was removed, washed with 
i-propanol, and air-dried for 24 hr. The recovery was 80 per cent. Results with other cations were 
comparable. The solid chelates are non-hygroscopic powders that dissolve readily in water but not 
in alcohols or other common organic solvents. They were analysed for carbon, hydrogen and 
nitrogen by microtechniques and for metal ion by ignition to oxide. Results are summarized in 
Table |. The data are consistent with formulation as | Ln:1 HEDTA. 

Hydrogen analyses suggest that the samarium and europium chelates are 5-hydrates, whereas the 
neodymium, gadolinium and yttrium compounds are 6-hydrates. 

Preparation of Ba{Ln(DCTA)]eyHeO. Solutions of H{[Ln(DCTA)] and Na[Ln(CDTA)] were 
prepared by treating the carbonates with the free acid in a 0-5:1 mole ratio and the carbonate with 
acid and sodium hydroxide in a 0-5: 1:1 mole ratio, respectively. Both evaporation and the addition 
of various water-miscible organic liquids yielded tar-like products. However, the barium salts can 
be precipitated in finely divided, crystalline form by addition of ethanol. In a typical preparation, 
2:0 g (4:27 10-* mole) of neodymium carbonate and 2°95 g (8-54 10-* mole) of 1, 2-diamino- 
cyclohexanetetraacetic acid were stirred together in 100ml of hot water. Some unreacted acid 
remained, suggesting the equations 


*) T. Moeczcer, F. A. J. Moss and R. H. MarsHatt, J. Amer. Chem. Soc. 77, 3182 (1955). 
J. K. Marsu, J. Chem. Soc. 1819 (1950); 1461, 3057 (1951); 4804 (1952); 451 (1955). 
. BrunisHoiz, Helv. Chim. Acta 38, 455, 1654 (1955) 
. BrunisHoiz, E. Vescovi and M. Lorétan, Helv. Chim. Acta 38, 1186 (1955) 
BruntsHoiz and R. Conen, Helv. Chim. Acta 41, 188 (1958) 
. BrunisHoiz and M. Ranpin, Helv. Chim. Acta 41, 195 (1958) 
. L. Satutsxy and L. L. Quit, J. Amer. Chem Soc. 72, 3306 (1950). 
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Ndo(COs)a(s) 2HsDCTA 2H[Nd(DCTA)] + 3H2O 
Nd2(COs)s(s) — 6H{Nd(DCTA)] 2Nd[Nd(DCTA)]s 3H2O + 


for the process. The resulting filtrate (pH 2) was heated and treated with 0-84 g (427 « 10°° mole) 
of barium carbonate 
BaCOs(s) — 2H[Nd(DCTA)] -- Ba[Nd(DCTA)]2 + + COs 

to give a suspension of barium carbonate in a solution (pH 6) of the barium and neodymium salts 
of the neodymium chelate. Neodymium ions were removed by treating the filtrate with 25 g of 
Dowex-50 on the barium cycle. The pure barium salt was then precipitated by adding 200 ml of 
ethanol. The air-dried products are slightly hygroscopic, very soluble in water, and insoluble in 
alcohols and other common organic solvents. Carbon, hydrogen and nitrogen were determined by 
micro techniques, barium was determined as sulphate, and yttrium or the rare-earth metal was 
determined by oxalate precipitation after removal of barium ion. The results are summarized in 
Table 1. The data are consistent with formulations as 1Ba:2Ln:2DCTA. Hydrogen analyses suggest 
10-hydrates for the samarium and gadolinium compounds, but 7-, 9- and 13-hydrates, respectively, 
for the neodymium, europium and yttrium compounds. Such differences may be due to variations 
in relative humidity during drying. 

Preparation of Na{Ln(EDTA)]8H2O. The sodium salts of the praseodymium, neodymium, 
samarium, europium and gadolinium chelates were obtained as previously described.'®) Evapora- 
tion gave well-formed crystals in each case 

X-Ray studies. Diffraction patterns were obtained with a Norelco Debye-—Scherrer type camera 
with a 114-59 mm diameter, using chromium K2 radiation. 

Magnetic susceptibility measurements. A modified Curie-Chéveneau balance was employed. The 
balance consists of a torsion arm suspended by a fine wire. One end of the torsion arm supports 
the sample, which is free to move between the poles of a small permanent magnet so arranged that it 
can be moved backward or forward with respect to the sample. Movement of the torsion arm is 
followed by a beam of light reflected on a scale from a mirror attached to the fine wire. Because of 
its paramagnetic susceptibility, the sample is either repelled or attracted by the magnet and thus 
automatically aligns in the region of maximum repulsion or attraction. The force acting on the 
sample is zero both when the sample is exactly centred between the poles and when it is well removed 
from the poles. Thus, there are two regions wherein the force is maximum as the magnet is moved 
from far to one side of the sample to far to the other side. In practice, the sample is placed in a 
small glass tube. The permanent magnet is slowly moved past the sample tube, causing maximum 
deflexion in one direction. The magnet is then moved back the other way, giving maximum deflexion 
in the other direction. The difference between the deflexions thus gives the attraction or repulsion 
from the magnetic field. The magnetic susceptibility is calculated from the relationship 


m (0 
mie 


where x and m are the mass susceptibility and mass of the sample, x’ and m’ have the same connota- 
tion for a standard, @ is the difference in deflexion for the sample, @ is the same difference for the 
standard, and @ is the difference for the empty sample tube. The molar susceptibility xm is then 
determined as 
Xm xM 

where M is the molecular weight. For the chelates studied, the molecular weights used were those 
calculated from the analytical compositions. The standard employed was iron(Il) ammonium 
sulphate 6-hydrate, of mass susceptibility 31-6 < 10-*.4® The temperature was 27 C. 

Spectrophotometric measurements. All absorption spectra were measured with a Cary Recording 
Spectrophotometer Model 14M, using 1 cm quartz cells with water as a reference. The scanning 
speed was 10 A’ sec. 

Infra-red measurements. These spectra were obtained with a Perkin-Elmer Model 21 Double 
Beam Recording Spectrophotometer, using Nujol suspensions between rock salt plates. 

Differential thermal analysis measurements. These were made with the apparatus of Professor 
GRIM in the University of Illincis Department of Geology, using calcined alumina as reference.'* 


416 


P. W. SeLwoop, Magnetochemistry (2nd Ed.). Interscience, New York (1956). 
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RESULTS AND DISCUSSION 

The crystallizing propensities of both Ln(HEDTA)-xH,O- and Ba{Ln(DCTA)}, 
-yH2O-type compounds are very low. The impossibility of obtaining the materials 
in other than microcrystalline form by any of the techniques employed is in sharp 
contrast to easy crystallization of the [Ln(EDTA)]--type chelates."9!") X-ray 
diffraction patterns inevitably showed much dark background, making it possible 
to evaluate only a limited number of d-spacings from the most intense lines. These 
are summarized in Table 2. It is apparent from the data recorded that the materials 
within a given series are isomorphous and that the decrease in spacings with increasing 
atomic number reflects the lanthanide contraction. 


TABLE 2.—X-RAY DIFFRACTION FOR HEDTA- aAnpb DCTA-CHELATES 


d-spacings (A) 
Relative 
intensity* | Nd Sm Eu 


HEDTA)-Chelates 
10-0 10-0 9-96 
895 | 8-95 8-95 
823 | S818 | 818 
Ba[Ln( DCTA)]e-Chelates 
149 149 
11-3 11-2 
9-39 9-39 
8:38 3-38 


* Vs—very strong, S—strong, M—medium, —weak 


Nature of bonding in Ln({HEDTA)-, Ln(EDTA)-- and Ln(DCTA)--type species. 
Paramagnetic behaviour among the tripositive rare-earth metal ions is due to the 
presence of unpaired 4/ electrons. Since these electrons are well shielded from external 
influences, both their spin and orbital motions are significant in determining the 
overall observed susceptibility or moment for an ionic compound. It follows, there- 
fore, that the magnetic moment of a complex containing such a species should 
indicate clearly whether or not these 4/ electrons are involved in bond formation. 
If, as is suggested for EDTA-chelates by absorption spectra measurements,'*-!” 
bonding does not involve the 4/ electrons, the magnetic moments of the cations 
should remain unchanged upon complexing with the polyminepolycarboxylic acid 
anions in question. 

Summarized in Table 3 are values of the moments (ere) calculated from the 
measured susceptibilities in terms of the Curie Law as 


2-84 \ (XmT) 
Application of the more rigorous Weiss relationship was precluded by the impossi- 
bility of temperature variation with the balance employed. Comparison of these 
values with those measured for the 8-hydrated sulphates''*’ and those calculated 
17) F. A. J. Moss, Doctoral Dissertation, University of Illinois (1952) 


8) D. M. Yost, H. Russert, Jr. and C. S. Garner, The Rare-Earth Elements and Their Compounds Chap. 2 
John Wiley, New York (1947). 


53 
| Gd 

| 
Ss | 996 | | 9-96 
8:89 8-95 
803 | 8-18 
Vs | | | 148 
9-26 


T. Moeccer and E. P. Horwitz 


TABLE 3.—-MAGNETIC MOMENT DATA FOR HEDTA- anp DCTA-CHELATES 


“ett (Bohr magnetons) 


HEDTA-| DCTA- 


lon Cale. | EDTA. | 
(min.—max.) | Chelate | Chelate | Chelate 
Pr? 3-62 3-47-3-62 3-6 
Nd? 3-68 3-51-3-62 36 33 35 
Sm3 155-165 1-32-1-54 1-7 | 14 1-5 
Eu’ 3-40-3-51 3-12-3-61 36 | 3-1 32 


Gd 7-94 7:81-8:10 | 79 | 78 | 82 


for the uncomplexed ions'!® indicates that the 4f electrons cannot be of great signifi- 
cance in bond formation in these chelates. It must be emphasized that in evaluating 
the moments accuracy of measurement did not permit making corrections for under- 
lying diamagnetism in the rare-earth metal ions or for the diamagnetism of the 
organic ligand or the sodium or barium ion present. Furthermore, the Weiss constant 
was neglected. However, the Weiss constant is not large when crystals are magneti- 
cally dilute, i.e. where the paramagnetic ions do not constitute a large portion of the 


Nd(HEDTA) 
NdCly 


OPTICAL DENSITY 


5100 5300 5650 5850 
° 


AA 


FiG. 1.—Comparison of absorption spectra of neodymium chloride and neodymium-HEDTA 
chelate. 


whole. Such a condition pertains with the chelates in question. The moments given 
for the gadolinium-containing species are probably the most nearly correct, since the 
Weiss constant is zero or nearly zero. Agreement here is particularly good. 

The sharply defined absorption bands that are characteristic of all the tripositive 
ions except yttrium, lanthanum and lutetium, whether in solution or in crystalline 
compounds, are associated with forbidden transitions among the 4/ orbitals that are 


') J. H. VAN Vieck and A. Frank, Phys. Rev. 34, 1494, 1625 (1929). 
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permitted because of the electric effects of fields imposed by the surrounding anions.‘2® 
The overall spectrum of a given ion, therefore, is altered only in intensities of certain 
absorption peaks and in resolution of complex bands as the anion environment is 
altered. Intimacy of association causes the most profound effects with chelating 
agents.'%.6-8.17.21) These have been described in detail for EDTA-chelates.*-8.17) 
and in lesser detail for certain DCTA-chelates.*-* Since a given tripositive ion 
forms chelates with these structurally analogous species that increase in stability as 


HEDTA EDTA DCTA 


the possibility of relating observed variations in absorption spectra to chelate 
stability exists. 

Essentially all of the absorption bands in the neodymium spectrum were intensified, 
shifted to longer wavelengths and resolved into two or more bands of varying sharp- 
ness in the presence of the three chelating agents. The spectrum given in Fig. | for 
the Nd-DCTA system is typical. Less pronounced alterations in intensity and wave- 
lengths were observed in the samarium and europium systems. With praseodymium, 
the major absorption peaks were displaced toward longer wavelengths, but with de- 
creased intensity and no resolution. The observed spectra are described quantita- 
tively by the data in Table 4 

It is significant that regardless of the specific effect of each chelating agent upon 
individual absorption bands, no new bands in different parts of the spectrum result 
This is a further indication that the 4/ electrons are not involved in bond formation 
in these chelates. The pronounced alterations noted in the spectra indicate imposition 
of electrical fields of considerable magnitude. In spite of the expectation that the most 
strongly chelating group (DCTA) should produce the greatest effect for a given 
cation, there is no apparent correlation discernible from the data in Table 4. If 
anything, the largest changes in absorptivity coefficients occur with HEDTA-type 
materials, which have in turn the smallest formation constants. Similar lack of corre- 
lation between alteration in spectrum and complex stability has also been noted in 
other systems. ‘*!.22) 

A possible explanation may lie in the fact that the formation constant is not 
really a measure of the magnitude of the electric field imposed on the 4/ electrons 
The stability of a complex depends upon the free energy of the complex as a whole 


in comparison with the free energies of its dissociation products. Both the metal- 


donor bond energy and the entropy change contribute to the free energy change 
Furthermore, the charge on the chelate as a whole may affect the electrical field 
Chelates of the HEDTA-type are neutral; the others are anionic 

Structure of Ln) HEDTA)-, Ln(EDTA)-- and Ln( DCTA) -rype species. Differential 
thermal analysis of the compound Ba[Nd(DCTA)]o-7H2O indicated a dehydration 
step beginning at ca. 50°C and followed by the decomposition of the organic portion 
of the compound at ca. 200°C. A similar study of the compound Sm(HEDTA)-SH2O 
indicated dehydration beginning at ca. 80°C and decomposition beginning at ca. 250°C 


) D. M. Yost, H. Russet, Jr. and C.S. Garner, The Rare-Earth Elements and Their Compounds Chap. 3 
John Wiley, New York (1947) 
R. C. Vickery, J. Mol. Spectroscopy 2, 308 (1958) 
R. C. Vickery, Nature, Lond. 779, 626 (1957). 
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TABLE 4.—ABSORPTION SPECTRA DATA FOR CHLORIDES AND CHELATES 


Eu** 


Ln(EDTA) Ln(HEDTA) 


A 
(A) 
4460 
4710 
4845 
§920 


5140 
5180 
5230 
5250 
5270 
5775 
5810 
5840 
5860 
7390 


7450 
7525 


3450 
3630 
3770 
3915 
4030 


4170 


4640 
4790 


| 
3950 | 


Ln(DCTA) 


A 


| 
| 
| 


AN OW 


| 
| 
| 


* Absorptivity coefficient = a 


mole//, J, 


intensity of incident 


(log J, 1) bce, where b depth of cell in cm, « concentration in 


light, / 


intensity of transmitted light. 
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g 

ag | | 

| LnCls 

“4 / a \ a a | a 
4 | (Ay | | (A) | | (A) | 

4 Pr | 4454 | 97 | 4450 | 96 | 93 | 4455 | 74 
a | 4690 | 42 4710 42 38 | 4710 | 29 
4 | 4822 | 30 | 4845 40 37 | 4845 26 
5885 | 19 | 5890 | 24 1-9 | 5910 14 
$125 | 1-7 | | 24 23 | $125 | 1-9 
a | | | $170 | 16 1-6 | $170 | 12 
4 |} $218 | 43 | $230 | SI 27 | $235 | 37 
3 | | $240 | 50 | 44 | 5245 | 38 
| | $250 | sa | 47 | | 

q 5745 | 67 82 74 $760 

| | 11-3 | 99 5790 

4 $800 | 102 | 91 | 5820 

q 5840 97 | 82 | 5840 

| | | 7370 

4 | 7420 66 7410 7:5 | 65 | 7410 / 
| 88 | 72 | 7450 

| | | 

4 Sm? | 3445 | O54 | 3450 | 18 | 3450 | 

4 | 3625 | O80 | 3625 | 16 | | 3620 | 

3745 0-74 | 3750 | 20 | | 13 | 3760 | 20 

5 | 3910 | 027 | 3910 | 068 | 040 | 3910 | 048 
. | 4020 | 314 | 4025 | 46 | 36 | 4030 | 36 
4070 | 0-61 | | 

4 4150 | 046 | 4170 | 10 | mm | 062 4170 | 0-72 
4175 | O42 | 

: | 4640 | 054 4630 | 080 | | 060 | 4630 0-64 
q 4790 | 0-57 4780 | 10) | 0-76 | 4770 0-64 
| | | 

_— | 3939 | 292 | 3945 134 | 34 | 3940 23 

4 | | 
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Although water of hydration can be removed at relatively low temperature, the 
strongly exothermic decomposition process follows the endothermic dehydration so 
closely that complete dehydration before decomposition cannot occur. The EDTA- 
type compounds behave 

Samples of the compounds Sm(HEDTA)-5H2O and NH,ySm(EDTA)8He2O were 
dehydrated in vacuo over phosphorus(V) oxide for seven days at room temperature. 
Analyses immediately after removal of the samples from the desiccator showed each 
to be between a I-hydrate and a 2-hydrate. Attempted dehydration of the samarium- 
HEDTA chelate at 111°C over phosphorus(V) oxide resulted in decomposition. 
A single water molecule thus appears to be held more tenaciously than the others, 
Suggesting that it is within the co-ordination sphere of the cation. 

Morris and Buscu'®*) have postulated that if a carboxyl group is bonded to 
some metal M as 


M—O—C 
the carboxylate resonance will increase as the ionic character of the M—O linkage 
increases. This will in turn impart enhanced single-bond character to the carbonyl 
group, causing a lowering of the frequency of the C--O stretching frequency. Thus, 
this frequency should provide some suggestion as to the relative ionic character of 
the M—O bond. On this basis, it has been shown'*’ that one can distinguish 
between a carboxyl group bonded to a proton and a carboxyl group bonded to a 
cobalt(II]) ion in EDTA-type chelates. It has been shown further'*-**’ that if the 
central metal ion in a chelate forms highly covalent bonds with a carboxyl group, 


such a carboxyl can be distinguished from an uncomplexed carboxyl group by infra- 


red measurements. 

The infra-red spectra of chelates of the H Ln(EDTA)xH2O-type show two 
carbonyl stretching frequencies, one of lesser intensity at 1672 cm™! and another 
of much greater intensity at 1600 cm~!® The former is apparently due to the 

O 


H—O—C—arrangement and the other to carboxyl bonded ionically to the rare- 
earth metal ion. The relative intensities of the two are consistent with conclusion 
that the latter is present in the larger quantity and suggest that only five co-ordination 
positions are satisfied by the EDTA-group.'” The sixth is assumed to be occupied by a 
water molecule. With salts of the types M Ln(ETDA)-yH20 or Ln[Ln(EDTA)]s-zH2O 
a single frequency at 1600 cm~! indicates ionic bonding of all four carboxyl groups. 

In the HEDTA-type chelates, the enhanced donor ability of the acetate groups 
over the hydroxyethyl group would suggest that they should bond preferentially to 
the cation. That this is true is indicated by the presence of but a single broad carbonyl 
absorption at 1600 cm~!, as shown in Fig. 2 for a typical chelate, an absorption 
characteristic of one kind of carboxyl group. Furthermore, this absorption suggests 
a high degree of ionic character in the Ln—O bond since the corresponding absorption 
for the more covalent cobalt(II) material is at 1658 cm~!.'28) On the basis of these 
spectra, it is not possible to determine whether the hydroxyethyl group is co-ordinated. 


“3 M. L. Morris and D. H. Buscn, J. Amer. Chem. Soc. 78, 5178 (1956) 
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However, the dehydration studies, the generally poor co-ordinating ability of this 
group, and the striking similarities between the HEDTA- and EDTA-materials 
all suggest that it is not. Quinquedentate behaviour by the chelating agent with a 
molecule of water in the co-ordination sphere is therefore reasonable. 

The typical infra-red spectrum of a Ba[Ln(DCTA)]s-yHeO compound given in 
Fig. 2 again shows a single carbonyl frequency centring at 1600 cm~!. It is not possible 
to establish whether the |,2-diaminocyclohexanetetraacetate ion is acting as a quin- 
quedentate or sexadentate donor because similarities in ionic character between 
the Ba—O and Ln—O bonds would produce similar displacements in the carbonyl 
stretching frequency. Unfortunately, it was impossible to prepare a pure compound 
of the type H Ln(DCTA)-yH20, where distinction between carboxyl groups would be 
possible. Although dehydration studies suggest strongly the presence of a co-ordinated 
water molecule in each of the barium salts, it would not necessarily be correct to assume 
quinquedentate behaviour by analogy to the EDTA-materials since free rotation 
within the two-carbon bridge between the nitrogen atoms is restricted by the cyclo- 
hexane ring structure. 
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Abstract—The preparation, physical properties and infra-red spectra of several new organophos- 
phonates [(G’‘O)GPO(OH)]* are reported. Cryoscopic molecular weights in benzene show that these 
compounds are dimeric, and infra-red studies of this association in carbon tetrachloride show 
no free OH absorption in the 3 region. The stronger hydrogen bonding in the organophos- 
phorus compounds of the type [(GO)2PO(OH)], [(GO)PO(OH)2}, [GPO(OH)»}, 
[GePO(OH)] and [GHPO(OH)] as contrasted to the weaker bonding in monocarboxylic acids is 
discussed. 


THE organophosphonic acids of the type G—PO(OH)2 have been reported by 
KosoLaporF'!’ and the physical properties have been investigated fairly extensively. 
The mono-esters of this acid of the type [(G'O)GPO(OH)] are not as well known. 
KosoLAporF"!? lists the preparation of several compounds (including phenyl hydrogen 
phenylphosphonate), but these have not been investigated extensively. RAZUMOv‘?’ 
recently reported the preparation of the compound [(C2H50)CeH;PO(OH)), and 
measured its dissociation constant. In view of the excellent solvent extraction pro- 
perties found for the organophosphoric acids, (GO)ePO(OH) and (GO)PO(OH): 
and the finding that a direct C—P bond enhances extraction properties of a solvent,‘ 
i.e. (G)gsPO>(GO)s3PO, it was of interest to prepare several new organophosphonates 
of the type [(G'O)GPO(OH)] for solvent extraction investigations. The solvent 
properties of this class of compounds will be reported separately. This paper reports 
the preparation, physical properties and infra-red spectra of several new organo- 
phosphonates of the type [(G’'O)GPO(OH)]. The system of nomenclature used in 
this paper corresponds to that suggested by the Chemical Abstracts 30, 4515 (1952). 
PREPARATION OF ORGANOPHOSPHONATE SOLVENTS 

Commercial phosphonates, (G’'O)2GPO, were used as the starting materials in the preparation 
of the solvents described in this paper, with the exception of tridecyl hydrogen phenylphosphonate. 
The neutral phosphonates were hydrolysed with 10 per cent aqueous NaOH (50 per cent excess) 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission. Paper presented 
at the Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy in Pittsburgh, Pennsylvania, 
March, 1959 

+ G may be an alkyl or aryl group 
1) G. M. KosoLaporr, Organophosphorus Compounds. John Wiley, New York (1950) 

A. Razumov and Sim-Do-Kuen, ZA. Obshchei Khim. 26, 2233 (1956) 

3) L. L. BurGer, Hanford Atomic Products Operation Report, HW-44888 (1957). 
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at a temperature of 80° for from 2-48 hr. The aqueous sodium salt solution was scrubbed with 
benzene to remove any alcohol and unhydrolysed neutral ester. Following acidification. the liberated 
acidic phosphonate was dissolved in benzene. the benzene solution evaporated, and the organo- 
phosphonate freed from any water, alcoho! or other volatile materials remaining at reduced pressure. 
The tridecyl hydrogen phenylphosphonate was obtained from Victor Chemical Works and further 
purified by the procedure described above. 

The elemental analyses for carbon and hydrogen are listed below. Corrections for water content 
were made. The tri-(n-butyl) phosphate (b.p. 154-157 10 mm) used as a standard for the elemental 
analyses was from Eastman Kodak Co.. 

Found: H, 10-18; C, 54-12. Cale. for (CsH9O)sPO: H. 10 22; C, 54-12. 

Found: H, 8-50; C, 62:26. Calc. for CsH:-OCsH sPOOH: H, 8-59: C, 62-27, 
Found: H, 11:37; C, 62-65. Cale. for CsH:-OCsH;;POOH H, 11-57: C, 63-00. 
Found: H, 5-32; C, 63-73. Cale. for CeHsCHeOCeHsPOOH: H, 5-28; C, 62-96. 
Found: H, 9-66; C, 49-38. Calc. for CsHeOC,H»POOH: H, 9-87; C, 49-53. 
Found: H, ©, 5612. Cale. for CsHsOCsHsPOOH: H, 7-07: C. 56-12. 
Found: H, 8-46; C, 45-53. Cale. for H. 8-31 C, 44-54. 
Found: H, 9:73; C, 67-75. Cale. for Cis3He-OCsHsPOOH: H, 9-78; C, 67-11. 


TABLE 1.—PHYSICAL PROPERTIES OF SEVERAL NEW ORGANOPHOSPHONATE SOLVENTS 


Experimental | Density Index of | Viscosity Melting 
Phosphonate solvent | equivalent 20°, 20 refraction | (poises) | point 
weight | 25C 20 C (C) 


2-Ethylhexyl hydrogen 

Phenyl 269 1-071 3-916 

2-Ethylhexyl hydrogen 

2-Ethylhexy! 305 0-956 0-415 

Benzyl hydrogen 

Pheny! 220 1306+ | 0-30 
n-Butyl hydrogen 
n-Buty! 1-024 | 14380 0-648 0-39 
n-Butyl hydrogen 

Pheny! 1150 =| 15100 4114 0-21 
Tridecyl hydrogen* 

Phenyl 339 1-018 4-436 0-23 
2-Ethylhexy! hydrogen 

Chloromethyl 241 568 1-875 nil 


* Tridecyl radical is probably a mixture of several isomeric C,,H,, radicals with different branching 
+ By displacement of mercury. 
+ Less than 0-1 per cent water considered nil. 


PHYSICAL PROPERTIES OF ORGANOPHOSPHONATI SOLVENTS 


The equivalent weights of the solvents were obtained by standard alkali titration. Viscosity 
measurements were made at a constant temperature, controlled at 20 0-025". Water contents 
were determined by standard Karl Fischer titration. Table 1 lists the physical properties of these 
solvents. 

Cryoscopic studies. Cryoscopic measurements were conducted in a Beckman type freezing- 
point apparatus using a Beckman differential thermometer. The benzene (“Spectral Grade”) and 
the naphthalene were from Eastman Kodak Co. The acetic acid was obtained from Mallinckrodt 
Chemical Works (analytical reagent). The method of determination of the freezing-point constants 
was described previously.'*) 


 D. F. Pepparp, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 7, 231 (1958) 
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TABLE 2.—MOLECULAR WEIGHTS OF SEVERAL ORGANOPHOSPHONATES 


Mola! | Experi- | Dimeric 
Conc.* | mental | (mol wt.) 
| | 
(mol. wt.) | calculated 


| 


Phosphonate Crvoscopic 
solute solvent 


0-441 S91 
0-560 | 596 
0-664 | 300 


2-Ethylhexyl hydrogen Benzene 
Pheny! [HEH(¢4P)] 


| 


Acetic acid 


2-Ethylhexy! hydrogen Naphthalene | 0-429 
2-Ethylhexy! [HEH(EHP)] Benzene 0-501 
Acetic acid | 0411 


Benzy! hydrogen Naphthalene | 0403 
Pheny! [HBz(4P)]} | Benzene 0-287 
| Acetic Acid 0-552 


n-Buty!l hydrogen Benzene 0-677 
n-Buty! [HB(BP)} | Acetic acid 0-922 


n-Butyl hydrogen Benzene 0-425 
Phenyl! [HB(¢P)] Acetic acid 0-923 


2-Ethylhexy! hydrogen Benzene 0-433 
Chloromethy! [HEH(CIMP)] Acetic acid 0-538 


Tridecyl hydrogen Benzene 0-425 
Pheny! [HTD(4P)] Acetic acid 0-500 


Pheny! hydrogent Benzene 0-148 
Pheny! [Hd(4P)] 0-178 
Acetic acid 0-717 


wt./Formula weight 
* Molal conc 
1000 g solvent 


The limited solubility of this compound in benzene precluded the use of higher concentrations 


The results of the molecular weight determinations for the organophosphonates reported in this 
paper are shown in Table 2. The abbreviations used in this paper for these compounds are also 
given in the table. 

ibsorption measurements. The infra-red spectra were obtained by means of a Beckman IR-4 
spectrophotometer using a sodium chloride prism. Spectral measurements were made on liquid 
film, KBr disk, or on material dissolved in carbon tetrachloride. The carbon tetrachloride used as 
a solvent in the spectral determinations was Eastman Kodak Co. “Spectral Grade”. 


DISCUSSION AND RESULTS 


Cryoscopic studies. The molecular weights obtained cryoscopically in benzene for 
the phosphonates studied demonstrate that these substances are dimeric. These 
acids contain the PO(OH) grouping similar to the monobasic phosphoric acids 
((GO)2PO(OH)}* and the phosphinic acids [(G)e2PO(OH)],* which have been 


‘) D. F. Pepparp, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 4, 371 (1957). 
G. M. Koso.aporr and J. S. J. Chem. Soc. 3535 (1950). 
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reported to be dimeric. The dimers are probably held together through intermolecular 
hydrogen bonding, stabilization occurring through the formation of an eight-membered 
ring as has been postulated for the monobasic phosphoric acids."4-’ In naphthalene, 
the dimeric state of aggregation is maintained. In acetic acid monomeric molecular 
weights are obtained, similar to the results obtained for the monobasic and dibasic 
phosphoric acids.'*?) Monomerization has occurred probably through solute-solvent 
interaction. 

Infra-red studies. The infra-red spectra from 650-5000 cm~! for the phosphonates 
are shown in Figs. 1-3. The observed infra-red absorption maxima are listed in 
Table 3. The spectra all show broad maxima at about 2300 cm~! and 2600 cm~! This 
is the region postulated as the bonded OH absorption region in organophosphoric 
acids by BeLLamy,'?*’ and DaAascu and Smitu.‘*’ The absorption in this region dis- 
appears on salt formation. Upon deuteration of the compounds the absorption is 
shifted to lower frequencies. As a consequence we have assigned the band as the 
bonded OH stretching absorption band in these phosphonates. Another very broad 
band is centred at about 1700 cm”! in all these phosphonates. This region also shows 
a change on deuteration of the compound. The 1700 cm™ region is also present in 
the monobasic organophosphoric acids.’ MAARSEN'!”’ has called the corresponding 
band in the organophosphoric acids the deformation OH absorption band. It is 
quite possible that in the phosphonates this band is also due to this absorption. 

The absorption in the 1200-1220 cm™ region is due to the P ~— O stretching 
vibration. The band is broad, and is indicative of a strongly bonded P — O group. The 
P — O stretching vibration in the neutral phosphonates of the type [((G’'O)eGPO] 
is at a higher frequency and is centred in the 1235-1273 cm™ region.’ The lower 
frequency value for the acid phosphonates is to be expected because of hydrogen 
bonding. The results are analogous to those obtained for the monobasic phosphoric 
acids’ where the P — O stretching vibration is also lower than that observed in 
the tertiary phosphoric acid esters. 

The region at 1440 cm~! seems to be associated with the phenyl group directly 
bonded to the phosphorus since all the phosphonates having such a phenyl group 
show this absorption, whereas HB(BP), HEH(EHP) and bis-(phenyl) phosphoric 
acid [(¢0)2PO(OH)]} do not. This is in agreement with DAAscn’s interpretation for 
the frequency of a 6—P bond.‘* Absorption in the region at 1140 cm~? is also present 
only in those compounds possessing the phenyl group. The region 1000-1070 cm™! in 
these phosphonates [G'OG PO(OH)] is the P—O stretching (asymmetric) absorption 
where G is alkyl. Where G is aryl as in (6O)(¢)POOH, the P —O stretching frequency 
appears at 930 cm~! corresponding to the results of Nyquist”? for this absorption 
in compounds containing the P—O—¢ link. The regions at 2900-3000 cm™! are 
due to C—H stretching vibrations in the alkyl groups. The absorptions at 3000-3100 
cm! are due to C—H stretching in the aryl groups. The methylene scissoring vibra- 
tion and the C—H asymmetrical deformation in the alkyl groups are found at about 
1470, while the CH symmetrical deformation is at about 1385cm~!. The out-of-plane 


L. J. Bectamy and L. Beecner, J. Chem. Soc. 1701 (1952). 
8) L. J. Bettamy and L. Beecner, J. Chem. Soc. 728 (1953) 

L. W. Daascu and D. C. Smitu, Analyt. Chem. 23, 853 (1951). 

J. W. Maarsen, M. C. Smit and J, Marze, Rec. Trav. Chim. 76, 713 (1957) 
L. L. BurGer, J. Phys. Chem. 62, 590 (1958) 

R. A. Nyquist, J. Appl. Spectroscopy 4, 161 (1957) 
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C—H absorptions for the phenyl ring are found in the region between 690 and 
770 cm~! for these compounds. 

The infra-red absorption spectra in the 3-4 region of these phosphonates in 
carbon tetrachloride solution are shown in Fig. 4. The broad 2300-2700 cm~ region 
appears to be maintained, and no free OH absorption is observed. Similar results 
were reported for the organophosphoric acids (monobasic and dibasic). Spectra 
were made on solutions about 0-001 M in CCl, in large cells (4-5 mm). In these con- 
centrations the monocarboxylic acids show some free hydroxyl absorption, and also 
some monomeric carbonyl absorption. 


H Bz(PP) (OOO! M) 


HB(PP), (OO04M) 


HEH(EHP) (O00! M) 


<—HEH(C! MP)(OO02M 


3500 


cm-! 
Fic. 4.—Infra-red absorption spectra of several organophosphonates in CCl, vs. CCl, 
[4-5 mm cell] in the OH region. 


The infra-red absorption spectra of the phosphonates, (G'O)GPO(OH), in carbon 
tetrachloride solution in the P — O region are shown in Fig. 5. The P — O stretching 
stretching frequency shows no change on dilution with CCl, (~ 0-001 M solutions). 
The 1200-1220 cm~! region remains broad and indicates that a strongly bonded 
P= O exists even in dilute CCl, solutions. 

The relative strength of the hydrogen bond in the dimeric monocarboxylic acids 
as contrasted to those present in the dimeric substances (monobasic organophosphoric 
acids, phosphinic acids, and organophosphonates) and the polymeric substances 
(dibasic organophosphoric acids and phosphonic acids) can be made by a com- 


parison of the cryoscopic molecular weights obtained in various solvents. Table 4 
shows the polymerization number obtained for these compounds dissolved in various 
cryoscopic solvents. It is observed that in benzene the monocarboxylic acids and the 
organophosphorus acids containing one acidic function [PO(OH)}], such as the mono- 
basic organophosphoric acids [(GO)2PO(OH)}, and the phosphonates [G’OGPO(OH)] 
are dimeric. The phosphinic acids [G2PO(OH)], are insoluble in benzene and no 
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direct comparison can be made. In naphthalene all the acids containing the PO(OH) 
function are dimeric, whereas benzoic acid has partially depolymerized (» = 1-65). 
Phenyl phosphinic acid [6HPO(OH)], appears to be an exception and is capable of 
associating to a trimer in naphthalene.” In camphor, benzoic acid is a monomer. 
while the phosphorus acids containing the PO(OH) group remain for the most 
part dimeric. In acetic acid the acids are monomers, probably because of strong 
solute-solvent interaction. It is concluded that the hydrogen bond is stronger in 
the acids containing the PO(OH) function than in the monocarboxylic acids. 


Fic. 5.—Infra-red absorption spectra of several organophosphonates in CCl, vs. CCl, 
[1-5 mm cell] in the P — O region. 

The phosphorus acids (dibasic organophosphoric acids and dibasic organo- 
phosphonic acids) containing the PO(OH).: function are polymeric in benzene and in 
naphthalene, reduce to dimers in camphor and are monomeric in acetic acid. Here, 
too, it is concluded that the hydrogen bonding is of a stronger nature than in the 
monocarboxylic acids. 

It is of interest to note the stability of the dimeric eight-membered ring in these 
organophosphorus solvents. In the compounds containing the PO(OH) function 
the ring is stable in camphor even at 180°. In the compounds containing the PO(OH)2 
function the depolymerization in camphor appears to stop at a dimeric state of 


aggregation. These results seem to indicate that the dimeric eight-membered ring 
is a basic part of the structure of the dibasic acids and is one of the factors responsible 
for the stability of the hydrogen bonds found in these organophosphorus solvents. 


Acknowledgements—The authors wish to thank Dr. J. V. QUAGLIANO of Florida State University, 
Tallahassee, Florida, for his critical review of the infra-red portion of this work, and Miss IRENE Fox 
of Argonne National Laboratory for the elemental analyses. 
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POLYMERIZATION NUMBER* » OF SEVERAL ORGANOPHOSPHORUS SOLVENTS 


TABLE 4. 


IN VARIOUS CRYOSCOPIC SOLVENTS 


Solute Cryoscopic solvents 


| 
Monocarboxylic acids Benzene Naphthalene| Acetic acid | d-camphor 


1-96 1-65 1-00 10 


Benzoic acid 
Monobasic 
organophosphoric acids 


1-06 


HDEHP 


HD(O®)P 2-00 203 1-06 19 
HD(s-N)P insol. 202 insol. 18 
HD(p-T)P 2:22 1-14 1-7 
2:50 2-48 1-19 20 
Yibasi 
I 


organophosphoric acids 


[(GO)PO(OH)»} 


6-35 


HeMEHP 

HeM(O®)P (gels) 

Organophosphonic acids 
[(G-PO(OH 


CeHsPO(OH) insol. insol.? 1-06" 24 
Hydrogen phosphonates 
[GOG PO.OH)) 


HBz(@P) 
HEH(EHP) 1-95 1-92 0-98 1-8 


Organophosphinic acids 
[GePO(OH)}] G-PO(OH) 


H 


(CeHs)ePO(OH) insol. 2:33 


®-PO(OH} 


insol. 


H 


apparent molecular weight 


formula weight 


+ Other compounds of this class found to be hexameric in naphthalene.‘”) 


Abbreviations 
HDEHP — Bis-(2-ethylhexyl)-phosphoric acid 
HD(O®)P acid 
HDig-N) — Bis-(8-naphthyl)-phosphoric acid 
HD(p-T)P — Bis-(p-tolyl)-phosphoric acid 
HD@®P — Bis-(phenyl)-phosphoric acid 
H,MEHP - Mono-(2-ethylhexyl)-phosphoric acid 


H,M(O®)P Mono-[p-(1,1,3,3-tetramethylbutyl)-phenyl]-phosphoric acid 
13) L. D. FreepMan and G. O. Doak, J. Org. Chem. 21, 1533 (1956). 
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| 

1-94 1-99 1-9 

| 

612 1-00 1-9 

8-16 1-05 20 
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SEXAVALENT COMPOUNDS OF URANIUM 
URANYL ALKOXIDES AND URANIUM HEXA-ALKOXIDES. 


D. C. BRADLEY, AMAR K. CHATTERJEE and AmiyA K. CHATTERJEE 
Birkbeck College, Malet Street, London, W.C.! 


(Received 23 February 1959) 


Abstract—The preparation of uranyl alkoxides was complicated by either the insoluble nature of 
these compounds or their tendency to disproportionate. Insoluble uranyl methoxide, UOeOMe)s, 
MeOH was obtained from the reaction involving urany! chloride and methanolic lithium methoxide 
Uranyl ethoxide UOg(OEt)s, 2EtOH was obtained similarly. so-amyloxide was obtained 
by the action of iso-amyl alcohol and ammonia on either uranyl chloride or dipyridinium uranyl 
chloride. The action of various alcohols on uranyl methoxide was studied and in some cases (mainly 
secondary and tertiary alcohols) a remarkable disproportionation occurred with the ultimate forma- 
tion of uranium hexa-alkoxide U(OR)s. Some properties of the hexa-alkoxides are described. The 
hexa-t-butoxide is remarkably resistant to hydrolysis. 


A STRIKING feature of the chemistry of sexavalent uranium is the existence of many 
compounds containing the UOs group. However, a survey of the literature” reveals 
few cases in which structures of uranyl compounds have been determined and there 
is still doubt as to the structure of the UO: group itself In view of recent struc- 
tural work on the metal alkoxides“? it seemed worthwhile to prepare and study urany! 
alkoxides. Only two references to uranyl alkoxides could be found in the literature. 
ALBERS ef ail. obtained uranyl iso-amyloxide as a red solid soluble in hydrocarbon 
solvents by the reaction between uranyl chloride and sodium iso-amyloxide in iso- 
amyl alcohol. Recently, Jones et al.’ described two interesting uranyl alkoxides. 
One was a brown crystalline solvated ethoxide UOAOEt)s, 3EtOH, obtained from the 
reaction involving uranyl chloride and sodium ethoxide, in which the three mo- 
lecules of co-ordinated alcohol resisted the action of heat at 200°C under 0-004 mm 


pressure. This is very surprising and we have not succeeded in repeating this 
work. Their second compound, provisionally assigned the formula UO@#OBu')s, 
4Bu‘OH, was obtained as red crystals from uranium (IV) tetra-t-butoxide, either 


by the action of heat in vacuo or by treatment with oxygen in petroleum ether solution. 

In a preliminary communication” we reported that the preparation of uranyl 
alkoxides by reactions involving alcoholic solutions of uranyl chloride with either am- 
monia or the appropriate sodium alkoxide was complicated by the insoluble nature 


(1) A, E. Comyns, AERE/C/R 2320 (1957). 

(2) L. Saccons, G. Caroti and P. Paorert, J. Chem. Soc. 4257 (1958) 

D. C. Brapiey, Nature, Lond. 182, 1211 (1958) 

‘) H. Atsers, M. Deurscn, W. Kr INAT and H. von Osten, Ber. Disck. Chem. Ges. 88, 267 (1952). 

R. G. Jones, E. G. A. Marti, J. R. and H. Gu man, J. Amer. Chem. Soc. 79, 
4921 (1957). 

D. C. Brapiey, Amar K. Cuarrersee and Amiva K. Cuarrerser, Proc. Chem. Soc. 260 (1957), 
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of some of the uranyl alkoxides or their tendency to disproportionate. Nevertheless, 
due to the high solubility of lithium chloride in methanol we prepared the very 
sparingly soluble uranyl methoxide by means of the following reaction: 


UOecCle 2L1OMe MeOH — MeOH , 2LiCcl 


The disproportionation of uranyl alkoxides in alcoholic solution with the ultimate 
formation of some hexa-alkoxide must involve the splitting of the UOs group under 
very mild conditions. To our knowledge this process was without precedent in 


uranium chemistry and required further investigation. We now report the results of 


the action of various alcohols on uranyl methoxide and of the preparation of some 


new uranyl alkoxides and uranium hexa-alkoxides 


Reactions involving uranyl methoxide and primary alcohols 

When uranyl methoxide was treated with either ethyl, n-propyl or isobutyl 
alcohols, methyl alcohol was liberated and the sparingly soluble crystalline uranyl 
alkoxide was formed. The amount of disproportionation accompanying these alcohol 


interchanges was very small. Similarly, iso-amyl alcohol caused interchange to a soluble 


uranyl iso-amyloxide. This is important because it rules out the possibility that 


straightforward interchange is confined to alcohols which produce insoluble uranyl 


alkoxides 


Reactions involving uranyl methoxide and secondary or tertiary alcohols 


When uranyl methoxide was treated with either isopropyl, s-butyl or t-butyl 
alcohols the interchange was accompanied by disproportionation. In each case the 
solution assumed a deep blood-red colour and an insoluble residue was formed. 
From the solution a deep red crystalline solid was obtained with the composition 
close to that of VO(OR),, ROH and which gave, when heated in vacuo, the volatile 
hexa-alkoxide and an insoluble non-volatile residue. These reactions were repeated 
several times in order to establish this unique disproportionation reaction beyond 
doubt and, although the precise compositions of the intermediate products varied 


slightly from one preparation tc another, the general pattern of the reaction was 
constant and some hexa-alkoxide was always formed. It must be emphasised that 


even a small amount of hydrolysis would have a very marked effect on the composition 
and proportions of the intermediate products of the disproportionation. Nevertheless, 
we were able to establish, by means of a careful uranium and alkoxide balance between 
Starting material and products, that the reaction involved was a true disproportiona- 
tion. For example, in one of the reactions involving isopropyl alcohol the products 
agreed reasonably with the requirements of the following equations: 

(a) Solvolytic disproportionation: 


3U0(OPr')e, Pr'OH >» U205(OPr')o, 2Pr‘OH UO(OPr')s, Pr'OH 


(b) Thermal disproportionation: 
SUO(OPr‘)4, Pr'OH — > UL0;(OPr')o, 2Pr'OH + * 3Pr'OH 
On the other hand, when uranyl methoxide was treated with t-amyl alcohol, 


no disproportionation occurred, and uranyl t-amyloxide UO2OAm!')s was isolated 
as a solid which was soluble in t-amyl alcohol but insoluble in benzene. This was most 
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interesting because it might have been suggested that the presence of secondary or 
tertiary-alkyl groups was essential for the disproportionation process to occur 
This may yet be true because it is possible that steric factors may prevent the dis- 
proportionation when tertiary amyloxide groups are involved 


Uranium hexa-alkoxides 

Uranium hexa-isopropoxide was first described by Jones et a/.'7’ who also prepared 
the hexa-ethoxide, -methoxide and -n-propoxide. Their molecular weight deter- 
mination on the hexa-ethoxide in benzene (cryoscopic method) indicated a degree 
of polymerization (i.e. ratio of observed mol. wt. : mol. wt. of monomer) of ca. 1-2 
which suggests a significant proportion of dimer species. The hexa-s-butoxide and 
hexa-t-butoxide obtained in this work are now reported for the first time although 
the latter was first obtained independently by one of us‘*’ in an attempted preparation 
of uranium (V) penta-t-butoxide by alcoholysis of the penta-ethoxide. We have deter- 
mined the volatilities and molecular weights of the hexa-alkoxides: U(OR).« where 
R = Pr‘, Bu* and Bu‘, and the results are given in Table | 


TABLE 


R in Volatility Degree of 
at 0-01 mm polymerization 


lsopropy! 
s-Butyl 
t-Buty! 


The molecular weights were determined ebullioscopically in benzene and it is interest- 
ing to note that although the s-butoxide and t-butoxide are monomeric the iso- 
propoxide contains a small proportion of dimer (cf. ethoxide). From the structural 
viewpoint it has been predicted’ that uranium in a hexa-alkoxide can achieve the 
eight-co-ordinated state in the dimer UoxOR))2 but it is clear that such a structure 
would be very sensitive to steric factors. We hope to obtain more conclusive evi- 
dence on this matter in future studies on uranium hexa-methoxide. It was surprising 
to find the hexa-t-butoxide less volatile than the s-butoxide but it must be remembered 


that the temperatures recorded above are not equilibrium boiling points but sublima- 


tion points. 


Uranyl ethoxide 

The uranyl ethoxide obtained by ethanolysis of uranyl methoxide was a light 
brown powder with a composition near to UO(OEt)s, 2EtOH. It lost the addended 
alcohol at 80°/0-05 mm in contrast to the compound described by Jones et al. (/o« 
cit.) which retained its ethanol even at 200° in vacuo. We repeated the reaction 
described by Jones et al. but obtained no uranyl ethoxide. On the other hand, treat- 
ment of ethanolic uranyl chloride with lithium ethoxide followed by exhaustive 


R. G. Jones, E. D. Blume, G. Karas, G. A. Martin, J. R. F. A. YEOMAN 
and H. Gutman, J. Amer. Chem. Soc. 78, 6030 (1956) 
D. C. Brapiey. Unpublished work. 
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extraction of the precipitate with ethanol to remove lithium chloride left uranyl 
ethoxide similar in composition to that obtained by ethanolysis of uranyl methoxide. 
Moreover, aerial oxidation of ethanolic uranium (V) penta-ethoxide caused the 
deposition of crystalline UOOEt)2, 2EtOH and we are convinced that this is the 
proper composition of uranyl ethoxide. Unfortunately the very low solubility of the 
compound in either ethanol or benzene precluded a molecular weight determination. 
It is noteworthy that uranyl chloride also formed a di-ethylalcoholate UOeCls, 
2EtOH. This compound was sparingly soluble in benzene while in boiling ethanol 
it was practically monomeric 


Uranyl isoamlvoxide 


When uranyl methoxide was treated with a boiling iso-amyl alcohol-benzene 
mixture the uranium compound slowly dissolved and from the red solution the urany| 
isoamyloxide was isolated as a brown solid with a composition near to UOoxOAm*)s, 
\m‘OH. The anhydrous compound, obtained by heating the solvate at 78°/0-05 mm, 


was insoluble in benzene. The solvate was also isolated from reactions involving 


either uranyl chloride or pyridinium uranyl chloride with iso-amyl alcohol and 
ammonia: 


(CsHeN OoCl, — 3Am‘OH 4NHs3 > UOAOAm')o, 
Am‘OH + 4NH,CI + 2C5H5N 


UOcClse + 3Am‘OH 2NHs3 Am‘OH 2NH,Cl. 


Structural aspects of uranyl alkoxides 


It is unfortunate that all of the uranyl alkoxides obtained in this work were too 
insoluble to permit molecular weight determinations. However, it is noteworthy that 
the solvated uranyl ethoxide UO»(OEt)2, 2EtOH, in which each uranium atom 
is presumably linked to at least six oxygens, should be insoluble. We should 
expect 4 monomeric unit containing six-co-ordinated uranium to be soluble and it 
therefore seems probable that the uranium is here exhibiting a higher co-ordination 
number (e.g. eight). In the latter case the smallest possible polymer should be a 
trimer (assuming the -OEt and HOEt groups to be disposed roughly octahedrally 
around the UO» groups), although infinite linear polymers could not be ruled out. With 
uranyl methoxide UO2OMe)2, MeOH similar arguments would predict an octamer 
as the smallest possible polymer for eight-co-ordinated uranium whilst an alternative 
configuration involving a two-dimensional infinite sheet polymer is feasible. There- 
fore, it is reasonable to suppose that the low solubility of uranyl alkoxides is due to 
the polymeric nature of these compounds which results from the eight-co-ordination 
of the uranium by oxygen. 


EXPERIMENTAL 
Uranyl alkoxides are very readily hydrolysed and special precautions were taken throughout 


this work to exclude moisture by means of the techniques already described in our earlier work.(9-2 


*) D. C. Brapiey, B. N. CHAKRAVARTI and A. K. Cuatrerser, J. Inorg. Nucl. Chem. 3, 367 (1957). 
4% D. C. Brapiey and A. K. Cuatrerser, J. Inorg. Nucl. Chem. 4, 279 (1957) 
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{nalytical methods 


(i) Uranium. When chloride was present, the uranium in nitric acid solution was precipitated 


in carbonate-free conditions as ammonium diuranate. The precipitate was filtered off, 


washed with 


ammoniacal 2 per cent ammonium nitrate solution and carefully ignited a ie uranium determined 
as UsOx. The filtrate was acidified with nitric acid and the chloride determined gravimetrically as 
AgCl. When no chloride was present the sample was weighed into a platinum crucible and hydro- 
lysed with water. The residue, left after evaporating off the volatile products under an infra-red 
lamp, was dissolved in a few drops of nitric acid (d. 1-42), the solution was then evaporated to dry- 


ness and the uranyl nitrate was ignited to U3Qs. 


(ii) Alkoxide. The ethoxide and isopropoxide determinations were carried out volumetrically 
by the chromic acid method already described.'®) Methoxide was determined similarly but with the 
following modification to ensure complete oxidation to carbon dioxide: the mixture of sample and 
chromic acid was kept in a closed vessel for 2 hr at room temperature and then boiled under reflux 


for about 10 min. The excess chromic acid in the cooled solution was then determined iodometrically 
in the usual way. 


Pyridinium uranyl chloride 

Uranyl chloride hydrate (20 g) was dissolved in ethanol (325 ml) and the solution was saturated 
with hydrogen chloride. Pyridine (17 g) was added and, on treatment with more hydrogen chloride, 
the pale yellow-green complex chloride (28-5 g) crystallized out. (Found: U, 41-5; Cl, 248. Calc 


for U, 41-6; Cl, 248%.) 


Anhydrous uranyl chloride 


Although various methods are available for preparing anhydrous uranyl chloride, we found 
difficulty in obtaining the pure material. Following a considerable amount of research we found 
that the pure compound could be obtained from the hydrated chloride as follows: the powdered 
hydrate in a silica boat was heated in a stream of anhydrous hydrogen chloride for several hours 
at 300°. The solid was next ground up under dry nitrogen and then heated at 400° in a mixture of 
hydrogen chloride and chlorine for a further 2-3 hr. (Found: U, 69-8; Cl, 20-6. Calc. for UOeCle; 
U, 69-8; Cl, 20-8 %.) 


Uranyl chloride ethyl alcoholate 

Uranyl chloride hydrate (23-1 g) was dissolved in a mixture of ethanol (300 ml) and benzene 
(130 ml) and the solution was carefully fractionated to remove the water as the ternary azeotrope 
water-ethanol-benzene. When the solution had become concentrated to 250ml more benzene 
(50 ml) was added and the fractionation continued. When all of the benzene had been removed, 
the alcoholic solution was concentrated under reduced pressure but the product would not crystallize. 
Finally, the solution was taken to dryness at room temperature under low pressure (0-1 mm) and gave 
a pale yellow solid (25-4 g). (Found: U, 54-7; Cl, 160; EtO, 20-4. Calc. for UOeCle, 2EtOH: U, 
$49: Cl, 16-4; EtO, 208°.) In boiling ethanol the alcoholate has a molecular weight of 421 (Calc. 
for UOeCle, 2EtOH: 433). It was practically insoluble in benzene. 


Uranyl methoxide 

Urany! chloride (anhydrous, 16-6 g) was dissolved in methanol (200 ml) in the boiler flask of a 
Soxhlet extractor. Lithium (0-67 g) was placed in a sintered glass (porosity No. 2) extraction thimble 
in the Soxhlet and allowed to react with methanol condensing from the boiling solution of uranyl 
chloride. The lithium methoxide solution was then siphoned over automatically into the uranyl 
chloride solution. This was continued until all of the lithium had dissolved. The suspension of uranyl 
methoxide was heated for a further 27 hr and then allowed to cool and settle. The methanolic lithium 
chloride solution was then decanted off and the uranyl methoxide was washed several times by 
decantation with anhydrous methanol (50 ml portions). After drying at room temperature under 
low pressure (0-1 mm), the uranyl methoxide was left as a bright yellow microcrystalline solid. 
(Found: U, 65-0; MeO, 24-0. Calc. for UOxOMe)e, MeOH: U, 65-4; MeO, 255%.) A sample 
of the foregoing product heated at 100° /0-05 mm for 3 hr slowly changed colour to brown and 
lost the majority of its addended alcohol. (Found: U, 68:3; MeO, 18-6. Calc. for UO2xOMe)s: 
U, 71-7; MeO, 18-7%.) 
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Uranyl ethoxide 

(i) From uranyl methoxide. Ethanol (179 g) and benzene (88 g) were added to uranyl methoxide 
(10 g) and the mixture was subjected to fractional distillation to remove the methanol—benzene 
azeotrope. The colour of the solution became wine-red but little solid appeared to dissolve. When 
the interchange was judged complete, the mother liquor was decanted off and the buff-coloured 
uranyl ethoxide (11-9 g) was dried at room temperature under 0-1 mm pressure. (Found: U, 53-5: 
EtO, 37-5. Cale. for UO(2OEt)e, 2EtOH: U, 52-7; EtO, 39°8°%.) The mother liquor was evaporated 
to dryness and left only a trace of red liquid which from its volatility was doubtless uranium hexa- 
ethoxide. A sample or uranyl ethoxide heated at 80°/0-05 mm for 4 hr lost its addended ethanol. 
(Found: U, 66-7; EtO, 23-1. Calc. for UO2x(OEt)2: U, 66:1; EtO, 25-0%.) 

(ii) From uranyl chloride. Anhydrous uranyl chloride (6-8 g) in boiling ethanol (200 ml) was 
caused to react with lithium ethoxide obtained from lithium (0-28 g) in the Soxhlet extractor. The 
sparingly soluble uranyl ethoxide was obtained as a buff-coloured solid (6-3 g) after being washed 
several times with ethanol by decantation and dried at room temperature under 0-1 mm pressure. 
(Found: U, 52-1; EtO, 36-1; Cl, 1-0°%.) A sample heated at 100° 0-05 mm for 5 hr changed to a 
brick-red colour and had obviously decomposed. (Found: U, 68-5; EtO, 20-5: ratio EtO:U, 1-58.) 
In view of the fact that uranyl ethoxide obtained in this work lost its addended ethanol at 80° in 
vacuo and began decomposing at 100 , we were surprised by the behaviour reported by Jones e7 
al.°) for a compound UOe(OEt)2, 3EtOH. They claimed that this compound was obtained by allow- 
ing sodium ethoxide to react with ethanolic uranyl chloride followed by evaporation of the solvent, 
heating the residue to 200 0-005 mm and extracting it with ether. Their product was obtained from 
the ether extract. From a reaction involving uranyl chloride (10-2 g) and sodium ethoxide (from Na, 
1-30 g), carried out under closely similar conditions, we obtained a black residue which was completely 
insoluble in ether and which had an analysis near to that of the expected mixture of uranium tri- 
oxide and sodium chloride. (Found: U, 59-2. Calc. for mixture of UO3 + 2NaCl: U, 59-1 °%.) 


Urany! isopropoxide 


(1) Reaction involving pyridinium uranyl chloride. The complex chloride (13 g) suspended in a 
mixture of isopropanol (119 g) and benzene (129 g) was treated with excess ammonia and an exother- 
mic reaction occurred. After filtration, evaporation of the filtrate left a red-brown substance (0-84 g). 
(Found: U, 45-6; Pr‘O, 11-4; Cl, 15-5°,; Ratio Pr‘O: U, 1-01; Cl: U, 2:27.) The precipitate of impure 
ammonium chloride (15:2 g) evidently contained the major proportion of the uranium. (Found 
U, 37-4; Pr‘O, 18-2; Cl, 22-3; NHe, 13-5°%.) 

(11) Reaction involving sodium isopropoxide and uranyl! chloride. Urany| chloride hydrate (8-2 g) 
was azeotropically dehydrated in benzene-isopropanol solution, the benzene removed by fractiona- 
tion and the isopropanolic solution treated with sodium isopropoxide formed from sodium (0 90 g) 
in a Soxhlet apparatus. The precipitate was filtered off and the filtrate evaporated to dryness under 
0-1 mm pressure left a red-brown solid (3 g). (Found: U, 43-1; Pr‘O, 52-1: Cl, 2-1°%. Ratio Pr’'O:U. 
4:75; Cl:U, 0-33.) A sample (2 g) of the foregoing product was refluxed with isopropanol (93 g) 
and on cooling some crystals (0-52 g) were formed. (Found: U, 51-5; Pr’O, 38-7. Calc. for 
UO2(OPr')2, PriOH: U, 53-1; Pr'O, 39-5°,.) This experiment is typical of several carried out with 
these reactants. 

(i) Lsopropanolysis of uranyl iso-amyloxide. Urany| iso-amyloxide (2-6 g) was treated with increasing 
quantities of boiling isopropanol until 110 ml had been added. However, some insoluble material 
still remained and the cooled wine-red solution was filtered and the filtrate taken to dryness under 
0-1 mm pressure leaving a deep red solid (0-5 g). (Found: U, 45-7; Pr'O, 56-5. Calc. for UO(OPr*),, 
Pr‘OH: U, 43:3; Pr'O, 53-6°,.) The insoluble fraction appeared to be a hydrolysis product. (Found: 
U, 67-9; Pr‘O, 232%. Ratio Pr‘O: U, 1-37). In the light of subsequent work it is clear that dispro- 
portionation of the uranyl isopropoxide must have occurred in this reaction. 

(iv) Jsopropanolysis of uranyl methoxide. When uranyl methoxide UO2OMe)2, MeOH was 
treated with isopropanol, methanol was fractionated off but the solution became red and the insoluble 
uranium compound became brown. From the filtrate a red solid (near to UO(OPr*)s, Pr‘OH in com- 
position) was isolated and this gave uranium hexa-isopropoxide when heated in vacuo. Some typical 
results are given in Table 2 for the solvolytic disproportionation. 

n Table 3 some results are presented for the thermal disproportionation at 110° 0-05 mm of the 
soluble fractions (B) 
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To establish the presence of “active hydrogen” (i.e. isopropanol) in the soluble fraction (B), a sample 
(0-421 g) from experiment (iv) (Table 2) was treated with methy! magnesium iodide in di-n-buty! 
ether and the methane (20-61 ml at s.t.p.) collected in a gas burette. (Found: Active H, 0-225. Calc. 
for UO(OPr*)s, Pr'OH: Active H, 0-184°%.) This determination does not necessarily distinguish 
between UO(OPr')s, Pr‘OH and U(OH)(OPr*)s. A portion of the sublimed uranium hexa-isopropoxide 
obtained in experiment (iii) (Table 3) was heated in a molecular still at 0-01 mm and it began to sub- 
lime at 65°. Sublimation was rapid at 85° and no residue remained. 


TABLE 2 


Insoluble residue A Soluble product B 
Wt. of UOoxOMe)s, Wt. of 
MeOH taken 


Pr'OH | Composition (°,) Composition (°,) 
(g) 


Wt. 
(g) 


Pr'O 


| 
| 


(i) 672 | 301-5 3-66 ‘ 43-3 
(ii) 7-01 | 193-8 4-79 | 53-9 
(iii) 12-08 261-4 9-04 43 51-5 
(iv) 11-76 1002 | 2 41 558 


Uranyl n-propoxide 

Uranyl methoxide (11-1 g) was treated with boiling n-propanol (400 ml) until no more methanol 
could be collected by fractionation. Not all of the solid dissolved and the solution became red and, 
on cooling, deposited crystals. Some of the crystals were separated from the main solid residue by 
flotation in the mother liquor from which they were finally separated by filtration. The crystalline 
n-propoxide (0-5 g) was cream-coloured. (Found: U, 61-3. Calc. for UOe(OPr')e: U, 61:3°%.) The 
mother liquor was evaporated to dryness leaving a small amount of viscous red product which, at 
120-125 ,0-05 mm, gave a drop of red condensate. There was insufficient of the latter for analysis 
but from its appearance and volatility it was undoubtedly uranium hexa-n-propoxide. The main 
solid product (13-6 g) was extracted with boiling n-propanol and gave a second crop of crystalline 
uranyl n-propoxide which was separated from undissolved product by flotation. (Found: U, 62:0%.) 


TABLE 3 


Non-volatile residue Sublimate U(OPr' )g requires 
Wt. of (B) . 
taken | Composition (° 
(g) 


Composition 
| Pro 


(g) y A (7) 


Pr‘ Pr'O 


(i) 30 0-402 60-1 59-8 
(ii) 1-04 60-1 59-8 
(iii) 2-70 60-0 59-8 


Uranyl isobutoxide 


The reaction involving isobutanol and uranyl methoxide resembled that involving n-propanol 


A sparingly soluble crystalline solvated uranyl isobutoxide was obtained. (Found: U, 48-5. Cale. 
for UOe(OBu')e, Bu'OH: 48°6°%,.) 


Uranyl iso-amyloxide 
(i) From pyridinium uranyl chloride. The complex chloride (11-1 g) suspended in isoamyl alcohol 
benzene azeotrope (200 ml) was treated with ammonia until the exothermic reaction was complete 
After the removal of ammonium chloride the wine-red filtrate was evaporated under 0-1 mm pressure 
and left a brown solid (6°8 g). (Found: U, 44:8. Cale. for Am‘OH: U, 447%.) 
(ii) From uranyl chloride hydrate. The hydrate (5-0 g) was azeotropically dehydrated using iso- 
amy! alcohol (25 ml), benzene (75 ml) and isopropanol (5 ml). The latter served to effect the removal 
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of water as the ternary azeotrope of benzene-isopropanol-water. Then the remainder of the iso- 


propanol was removed as the binary azeotrope with benzene leaving a benzene-iso-amyl alcohol 


solution of uranyl chloride iso-amyl alcoholate. The latter was treated with excess ammonia and, 
after filtering off the ammonium chloride, uranyl isoamyloxide alcoholate (2-6 g) was obtained by 
evaporation of the filtrate. (Found: U, 44:1°¢.) The co-ordinated isoamyl alcohol was removed 


by heating at 75 ,0-05 mm. (Found: U, 53-6°,. Calc. for UOe(OAm')e: U, 53°6°%.) 


(iii) From uranyl methoxide. Uranyl methoxide (9-5 g) slowly dissolved when treated with boiling 


| henvene » 
iso-amyl alcohol—benzene azeotrope (2 


75 ml) and gave a clear red solution. Evaporation of the 


solvent under 0-1 mm pressure left urany! iso-amyloxide solvate (12-8 g). (Found: U, 46°2°;.) 


TABLE 4 


Mol. wt. 


R in U(OR) Range of wts. of Wt. of CeHe Slope (4T g) 


solute (g) Found Cale. 


lsopropy! 0-0288-—0-2098 15-93 0-280 | 656 §92 
s-Buty! 0.0110-0-0406 15-63 0-276 680 676 
t-Buty! 0-0321-0-1581 14:77 0-296 | 680 676 


Uranyl t-amyloxide 


Urany! methoxide (8-09 g) was interchanged with t-amy] alcohol (300 ml) giving a brown solution 
and a small amount (1:2 g) of insoluble residue. (Found: U, 62-0°,.) From the mother liquor, 


evaporated to dryness, a deep maroon crystalline product (8-36 g) was obtained. (Found: U, 54-2 
C, 23-3; H, 4°51. Cale. for UOeOAm')s: U, 53°6; C, 27:2; H, 495%.) The product gave no volatile 
fraction when heated to 120°, 0-05 mm and at 135° it turned black due to decomposition. (Found 


729%.) 


U, 


Disproportionation of uranyl t-butoxide 


When uranyl methoxide was treated with t-butanol—benzene azeotrope, alcohol interchange 
was accompanied by disproportionation. One experiment using uranyl methoxide (10-34 g) and 


t-butanol-benzene azeotrope (250 ml) gave an insoluble residue (8-09 g) and a soluble red crystalline 
solid (3-74 g). (Found: U, 38-6; C, 38-7; H, 7-48. Calc. for UO(OBu')s, Bu'OH: U, 38-4; C, 38-7; 
H, 7:-40°,.) The latter (2-3 g) heated at 110 /0-05 mm in a molecular still gave a deep red sublimate 
of uranium hexa-t-butoxide (0-267 g, Found: U, 34-7; C, 42:2; H, 8-05. Calc. for U(OBu')s: | 

35-2; C, 42°6; H, 7-90°,.) The hexa-t-butoxide, in a molecular still, began to sublime at 85 /0-04 mm 
and sublimed rapidly at 110 leaving no residue. Compared with metal alkoxides in general, uranium 


hexa-t-butoxide is remarkably resistant to hydrolysis, apparently remaining unaffected by exposure 
to the air. A benzene solution of the hexa-t-butoxide could be shaken with water for some time 


before hydrolysis occurred. In aqueous acetone solution the compound was slowly hydrolysed to 


uranium trioxide. The resistance to hydrolysis is undoubtedly due to the strong shielding of the 


uranium by six t-butoxide groups preventing nucleophilic attack by water molecules. 


Disproportionation of uranyl s-butoxide 


The reaction involving uranyl methoxide and s-butanol closely paralleled that involving t-butanol. 
From the methoxide (11-4 g) and s-butanol—benzene azeotrope (350 ml) an insoluble brown fraction 
(7-98 g, Found: U, 62°5°) and a soluble red compound (5-82 g, Found: U, 40-3°) were obtained. 
4 sample (4°83 g) of the latter heated in a molecular still gave at 110-125°/0:05 mm a deep red 
sublimate (0-84 g, Found: U, 35-1. Cale. for U(OBu')sg: U, 35-2°4) of the hexa-s-butoxide and a 
non-volatile residue (Found: U, 53-0°,). The hexa-s-butoxide began to sublime at 75° /0-01 mm in 
a molecular still and sublimed rapidly and completely at 110°. 


Molecular weights of uranium hexa-alkoxides 


The molecular weights were determined ebullioscopically in benzene using the previously des- 
cribed''”) all-glass ebulliometer. The compounds showed no variation of molecular weight with 
The results are given in Table 4. 


concentration over the range studied. 
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SOME STUDIES ON TUNGSTIC ACID 
PREPARED BY ION EXCHANGE 
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Abstract—A method is described for the preparation of tungstic acid by ion exchange. The acid pre- 
pared is unstable and decomposes to form white tungstic acid. Breaks occur in the conductometric 


{ not, however, 


and potentiometric titration curves of the acid at Na: W ratios of |: 2 and 2:1 
metatungstic acid but is probably a hexatungstic acid Hs[HsW.O2;}. The influence of polyhydroxy 


compounds on the conductivity of this acid has been studied. 


THreE forms of tungstic acid are described in the literature,’ a yellow form of 
empirical formula HeWOs,, precipitated by addition of mineral acid to a hot solution 
of either normal or paratungstate and a white form with the composition WO3:xH2O 
precipitated by acidification of cold tungstate solutions. White tungstic acid ts said 
to give an acid reaction to indicators, to have a strong tendency to become colloidal, 
and to decompose if warmed to form the yellow variety. Metatungstic acid, the third 
form, is obtained by acidifications of soluble metatungstates which are prepared from 
boiling acidified solutions of alkali tungstates. The free acid is soluble in water but 


may be extracted from solution with ether, with which it forms an insoluble complex. 

It was felt of interest to investigate the nature of tungstic acid prepared by ion 
exchange. Molybdic acid prepared by this technique is different in form from other 
molybdic acids described in the literature and separates from solution as a colourless 


transparent glass. 


EXPERIMENTAI 
AnalaR sodium tungstate dihydrate, NasWO,y2H,O, was used in most of the experiments; this 
salt is readily soluble in cold water. In some experiments sparingly soluble ammonium tungstate 
was used; sufficient dissolves on boiling to form an 0-1 M solution (with respect to WOs3). This 
solution was cooled before exchange. 
Zeokarb 225, a sulphonated polystyrene resin, was used in the hydrogen form in all studies 
The resin was conditioned before use by alternate washings with 2 N NaOH, water and 2 N HC! 


ith distilled 


Excess acid was removed from the column after the final regeneration by washing w 
water until the conductivity of the washings collected was less than 3 »mhos. It nd most 
convenient to prepare the acid in small quantities when required ng a small col since the 
acid is unstable; moreover, the use of a large column in many cases led to deposition of colloidal 
material within the resin. 

All conductivity measurements were made using a Mullard conductivity bridge operating in 
the most sensitive range with a dip type cell of constant 1-459. All pH measurements were made 
using a Cambridge pH meter with a glass-calomel electrode system calibrated by buffer solutions 
complying with modern standards. 


All experiments were conducted at 18 C unless otherwise specified. 


/H. Remy. Treatise on Inorganic Chemistry Vol. 2. Elsevier, New Yor 
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RESULTS AND DISCUSSION 

|. Properties of tungstic acid prepared by ion exchange 

The solution obtained from the column was clear to the eye and varied in colour 
from a very pale yellow (0-01 M WQs) to a deep yellow (0-35 M WOs). The solution 
obtained from 0-1 M Na2WO, became turbid within an hour although no precipitate 
was visible to the naked eye. On standing overnight, however, a copious white pre- 
cipitate was formed. This precipitate gradually changed colour and after 2-3 days 
became a pale yellow. If the solution is diluted to 0-0075 M immediately after pre- 


paration no turbidity appears during the first day and a yellow precipitate only appears 


Conductometric and potentiometric titration of tungstic acid. 
Conductance against ml N NaOH. 
© PH Titration. 
Immediate conductometric titration 
Conductometric titration after standing 3 hr. 
Conductometric titration after standing 5 days. 
and are co-incident after B 
is co-incident with © and from B to where shown. 


after standing 3-5 days. The most concentrated solution prepared (0-35 M WOs) 
which was a clear yellow immediately after preparation, became extremely viscous 
within | hr and gelled within 3 hr. 

Potentiometric and conductometric titration curves obtained by titrating this 
tungstic acid solution with N NaOH are shown in Fig. 1. Curves with breaks at 
similar Na : W ratios were also obtained from more concentrated and from more 
dilute solutions. The breaks which occur in both potentiometric and conductometric 
curves correspond to Na: W ratios of |: 2 and 2:1. The former break corresponds 
to the replacement of the hydrogen ion of a strong acid, the latter to the conversion 
of the soluble tungstic acid present to NagWOs,. 

The soluble tungstic acid concentration determined by titration, however, does not 
agree with the total tungsten content determined gravimetrically by precipitation as 
the oxinate, after boiling with a suitable buffer solution. The gravimetric result 
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was always some I5 per cent greater than that obtained by titration. It is evident, 
therefore, that not all of the tungsten is present in solution as simple acid. It is 
fortunate, however, that the excess tungsten present, presumably in colloidal form, 
is only slowly attacked by sodium hydroxide during the time taken for a conducto- 
metric titration, and does not interfere appreciably in the determination of the nature 
of the free acid except in concentrated solution. For comparison, it may be noted 
that silica sols, clear to the naked eye, contain colloidal material unreactive to am- 
monium molybdate, which decomposes slowly in sodium hydroxide solution 

Conductometric titration curves are included in Fig. | for the same quantity of 
tungstic acid titrated immediately after preparation, after standing 3 hr and after 
standing 5 days before titration. Although the solution had a definite white turbidity 
and the conductance had decreased from 0-53 10°* to 0-47 10°? 2°) after stand- 
ing 3 hr, little difference was apparent in the shape of the conductometric titration 
curves. 

In a further experiment two samples of tungstic acid were made M and 0-1 M 
with respect to potassium chloride. An immediate white precipitate was obtained 
from the molar solution; in the 0-1 M solution no precipitate was observed but the 
solution became faintly white and turbid. Potentiometric titration of this solution 
gave a curve identical in shape with Fig. |. The turbidity disappeared at a Na : W 
ratio of | : I. 

From these experiments it appears that the available acid hydrogen of the slightly 
turbid solution is similar to that of the freshly prepared one. The colloidal acid 
formed at this stage of the aggregation process must therefore have a labile structure 
in which hydrogen can readily be replaced by sodium 

In some experiments sparingly soluble ammonium tungstate was used in place 
of sodium tungstate. Passage of a 0-01 M solution of ammonium tungstate through 
the resin in every case produced a turbid solution (immediately after preparation) 
which obviously contained much colloidal material 

From the Na : W ratios at the breaks in the titration curves shown in Fig. | 
it is obvious that the acid cannot be a soluble form of either white tungstic acid 
(formulated by most authors as HeWO,H20O) or yellow tungstic acid (H2WO,). Breaks 
at these Na : W ratios would, however, be expected from metatungstic acid on the 
basis of the formula Hef[HeW)20Oy]. This acid is produced by acidification of a 
soluble metatungstate. Alkali metatungstates, however, are normally prepared by 
slow acidification of normal or paratungstate solution kept at the boiling point 


during the whole period of acidification, to facilitate attainment of true equilibrium. 


In the method described above the sodium tungstate was passed slowly through the 
column at room temperature, the whole operation taking not more than 30 min. 
[he material was examined for the presence of metatungstic acid by passing a con- 
centrated solution of sodium tungstate (3 g/30 ml) through a column and extracting 
the material produced with equal quantities of ether alone, and a mixture of ether 
and 12 N sulphuric acid. In neither case was any trace of the heavy oily ether-meta- 
tungstic acid complex obtained. In the latter case an emulsion containing quantities 
of a pale yellow solid was obtained. A small quantity of the concentrated tungstic 
acid from the column which was allowed to stand gelled within 3 hr, and on standing 


(8) E. RicHarpson, Ph.D. Thesis, London (1956). 
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overnight became a white paste. The tungstic acid produced in more dilute solution 
is unstable and precipitates material from solution within a fairly short while; meta- 
tungstic acid, however, is said to be stable in dilute solution.’ 

Remy“ states that tungstates of nominal composition ReO : WO 3 = | : 4 may 
be of two types, viz. salts of metatungstic acid M‘¢[H2W) 20,49] and salts of hexatungstic 
acid M’s[H3WeO2)]. The ion [H3WeO2)*- is thought both by JANDER” and by 
SOUCHAY® to exist in acid solutions of tungstates and to be formed from [HW,Q2;],° 
paratungstate A (the ion thought to exist in paratungstate solutions formed by 
rapid reaction of WO,°> ions and hydrogen ions). The transformation of [HWgO2} 
into [H3WgQO2;]*~ is believed by JANDER to involve a third ion 


The transformation 6{WQO,}* 7H* = [HWeO2)- + 3HeO is thought both by 
JANDER'®’ and by Soucnay“? to be rapid at pH 6-8. Recent isotope exchange studies 
by Spitzin,"’’ however, have shown that this reaction is not instantaneous at pH 


6°$ and room temperature, but is accelerated by decrease in pH and increase in 


temperature. Under the conditions employed in the ion-exchange experiments 
described (i.e. 18-20°C, time of exchange 30 min) it would seem extremely doubtful 


that a further reaction occurs, i.e. the conversion of paratungstate ions to metatung- 
state which is known to be slow. It appears much more probable that formation of 


paratungstate ion and subsequent conversion temporarily to the metastable free acid 
H3[H3W.Q2)] is facilitated by the strongly acid nature of the resin. Sodium tungstate 
in dilute solution (3 g/100 ml) does not precipitate white tungstic acid immediately 
after acidification. In some experiments carried out in this laboratory several hours 
elapsed before precipitation. It seems possible, therefore, that the unstable hexa- 
tungstic acid H3[H3W.O2)] is the precursor of white tungstic acid. 

The course of the titration shown in Fig. 1 thus has the following essential stages: 


3NaOH = 3H2O (1) 


Na Na 
=> NaoWO, (2) 


At the concentrations and ionic strengths used in the experiments described, 
in some thirty titrations breaks in the conductivity curves were noted only for the 
initial neutralization (1) and the final conversion to NazWO, (2). Mair‘ has noted 
during the titration of NaeWQ, with strong acids even at the boiling point, where 


true equilibrium is reached and metatungstate ions are formed, that breaks corre- 


sponding to paratungstate formation were only observed at high ionic strengths 
(1 M NaCl) 


2. Transformation of soluble tungstic to white tunestic acid 


Complex formation between polyhydroxy compounds and inorganic acids is 
known to increase the solubility of many acids in aqueous solution. In a further 


. Epuram, Inorganic Chemistry (6th Ed.), p. 522. Oliver and Boyd (1954), 
G. JANDeR and UL. KruerKke, Z. Anorg. Chem. 265, 244 (1951). 
P. Soucuay, Ann. Chim. 18, 73 (1943); 18, 169 (1943). 
V. |. Sprrzin, International Conference on Radioisotopes in Scientific Research, 1958. UNESCO 
NS RIC 37 
(8) J. A. Mair, J. Chem 


Soc. 2364 (1950). 
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experiment the effect of typical neutral polyhydroxy compounds, viz. mannitol, 
erythritol, inositol, and glucose, on the transformation of the above acid into sparingly 
soluble white tungstic acid was followed conductometrically. The decrease in con- 
ductivity with time of a solution of tungstic acid prepared by ion exchange is shown 


in Fig. 2, from which it can be seen that mannitol influences the conductivity more 
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Fic. 2.—Influence of polyhydroxy compounds on the conductivity of tungstic acid. 
Conductance 10-* against days. 
Mannitol. 
No organic compound. 
Glucose, inositol, erythritol, pentaerythritol 
Both solutions 0-065 M (with respect to WOs). 


than any of the other polyhydroxy compounds. Initially, addition of mannitol 
causes a slight increase in the conductivity of the solution and even after several 
hours the conductivity of the mannitol solution is greater than the blank. The effect 
is quite reproducible and is not caused by impurities in the mannitol, the conductivity 
of which is negligible in comparison with that of the tungstic acid. After the first day, 
however, the conductivity of the mannitol solution was lower than that of the other 
solutions. Within experimental error the conductivity of the solutions containing 
pentaerythritol, inositol, glucose and erythritol were all equal, and at any particular 
time were lower than that of aqueous tungstic acid. No appreciable difference was 
noted in the time required for the first appearance of a definite turbidity in any of the 
solutions. All the solutions reached equilibrium (as measured by constant conduct- 
ance) after five to six weeks, with a final conductance of 1-3 10-% 2-1, except for 
10-8 


mannitol (1-1 


= 


3 


J. Inorg. Nucl. Chem., 1959, Vol. 12, pp. 84 to 89. Pergamon Press Lid. Printed in Great Britain 


THE PREPARATION, PRESERVATION AND 
SEPARATION OF URANIUM TETRACHLORIDE AND 
URANYL CHLORIDE IN WATER, ETHANOL AND 
WATER-ETHANOL SOLVENTS 


J. D. Hertey, D. M. MATHews and E. S. Amis 


Chemistry Department, University of Arkansas, Fayetteville, Arkansas 
(Received 30 July 1958; in revised form 25 February 1959) 


Abstract—The sublimation of UCI, under argon and nitrogen is discussed. The former gave 99-42 
per cent UCI, which yielded a stable solution free from colloid formation. The sublimation under 
nitrogen yielded a brownish-red material which had the combustibility and solubilities associated 
with the nitride but which was shown to be UQsz by X-ray spectrum analysis. Both stabilities of the 
UCI, solutions and their analyses for uranium by the use of cupferron are discussed for both water 
and ethanol solvents. 

The preparation of pure UOeCle: H2O is described, and the stability data for UOeCle solutions 
in water, ethanol and water-ethanol solvents are presented. 

The cupferron method of separation of UV) and U(VI) was found to be as effective. 


LitTLe is known of the properties of solutions of uranyl chloride and uranium tetra- 
chloride in pure non-aqueous solvents and in mixed solvents composed of water and 
non-aqueous components. There is only limited reference in the literature to the 
stability of aqueous solutions of these solutes. 

KRAUS and NeLson"? determined the acid equilibrium constants for the practically 
instantaneous hydrolysis of U*~ and Pu*~ ions to UOH*~ and PuOH*~ ions. They 
likewise observed additional slow hydrolytic reactions and found that the aggregates 
of the hydrolysis products reached colloidal size. RONA‘’ mentions dissolving 
uranium tetrachloride in oxygen-free water solutions of hydrochloric acid. She 
also ran the electron exchange reaction between U(IV) and U(VI) ions in aqueous 
solution under nitrogen as a precaution against oxidation of the U(IV) to U(VI). 

RoNA™ used hydrofluoric acid as a reagent for separating U(IV) and U(VI). 
In this investigation it was found that for complete separation of U(IV) from U(V1) 
the hydrofluoric acid had to be relatively high in concentration. Since the separations 
were to be carried out using glass equipment, concentrated hydroflouric acid was 
unsatisfactory as a reagent. 

HILLEBRAND e7 a/.'*’ describe the separation in water solution of U(IV) and U(V1) 
using cupferron. It was not known that this separation could be effected using 
mixed or nonaqueous solvents. 


)K. A. Kraus and F. Newson, J. Amer. Chem. Soc. 72, 3901 (1950). 
/E. Rona. J. Amer. Chem. Soc. 72, 4339 (1950). 


W. F. G. E. F. Lunpert, H. A. BriGur and J. 1. HorrmMan, Applied Inorganic Analysis 
(2nd Ed.), p. 116. John Wiley, New York (1953). 
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Solutions of uranium tetrachloride and of uranyl chloride were needed for con- 
ductance and electron exchange rate investigations. Because of the difficulties 
encountered in preparing, preserving and analysing these solutions the following 
Studies were made. 


EXPERIMENTAL AND RESULTS 


Preparation of uranium tetrachloride solution 


The starting materials used in this investigation were 
(a) Commercial grade UCI, obtained from MacKay Chemical Company. This product 
was spectroscopically pure. 
(b) Vacuum sublimed UCI, prepared from commercial grade UCI 
A distilled water solution about 1-5 M in substance (a) and about 0-3 N in hydrochloric acid was 
prepared, the remaining solid shown by preliminary analysis to be UsOx, centrifuged out, the super- 
natent solution decanted and diluted to about 0-02 N in hydrochloric acid. After 48 hr a black 


colloid formed in the solution. This colloid could not be broken by freezing, heating, changing the 
pH, or subjecting it to an electric current. An 0-8 M solution of substance (a) in distilled water. 
centrifuged and decanted as described above, was stable for 72 hr at 0°C when kept in a sealed tube 
\ sample withdrawn from this solution after 48 hr became colloidal after 24 hr at room temperature 

After various attempts to make a stable uranyl tetrachloride solution by varying the acidity, 
the uranium concentration, the method of mixing the components and the temperature of the com- 


ponents being mixed, it was concluded that the oxygen dissolved in the solvent water and the impurities 
present in material (a) were responsible for the colloid formation 


A stable solution of material (a), however, was made by boiling distilled water and cooling it 


under nitrogen. Using a nitrogen atmosphere, a solution of UCl, was prepared and treated as 
follows. A solution of material (a) about 0-15 M was prepared using this solvent by dissolving 15 g 
of (a) in 30 ml, decanting off about 25 ml of the supernatent liquid and splitting the 25 ml into equal 
portions and diluting each to 100 ml. Each flask was stoppered with a greased, ground-glass stopper. 
One flask was kept at 0°C and the other at room temperature. Neither solution showed colloid 
formation after ten days. 


Observation on sublimation of UCI, in nitrogen 


Although material (a) contained no foreign elements, it was evident that compounds of uranium 
other than UCI, were present. Therefore, the compound was purified further by sublimation.(¢ 


The first attempts to sublime material (a) were conducted in a nitrogen atmosphere at about 3 mm 
pressure and the temperature of a Meker burner about 700-900°C. Resublimations under the same 
conditions of temperature and pressure resulted in less and less uranium tetrachloride and more 


and more of a brownish-red, easily sublimed compound. The brownish-red material burned in air. 


dissolved in concentrated nitric acid and was insoluble in water, hydrochloric acid, and sodium 
hydroxide. These properties of the compound (see reference 4, pp. 240-1) together with the fact 
that it was prepared by subliming UCI, in an atmosphere of 99-7 per cent nitrogen, led us to believe 


that the compound was a nitride of uranium, even though no ammonia was detected when the com- 
pound was placed in molten alkali. 

The X-ray spectrum, however, revealed only UOs diffraction lines. This data indicates that the 
brownish-red material is the dioxide. 


Sublimation of UCI, in argon 


In these experiments, the pressure and the temperature were the same as when nitrogen was used. 


The middle portion was collected. This material (b) had a chloride to uranium ratio of 3-94 and had 
a purity of 99-42 per cent UCI, as calculated from the amount of chloride present. The solid uranium 
tetrachloride (1-5448 g) taken from analysis dissolved completely in 25 m! of distilled water without 


any precautions being taken to remove oxygen or to prevent air from coming in contact with the 


J.J. Katz and E. Rastnowrrcn, The Chemistry of Uranium (ist Ed.), Vol. 5, p. 475. McGraw-Hill, 
New York (1951). 
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UC or the solution. Observations of this solution over a 72 hr period showed no colloid formation. 
The st uranium tetrachloride solution prepared from the sublimed material (b) was analysed 


for sing the cupferron procedure In this method, 5 ml of six normal hydro- 


chioric ire added to 5 ml of the uranium tetrachloride solution, then 5 ml of a 1:0 molar 
f cupferron are slowly added to precipitate the tetravalent uranium. A few drops of cup- 
or completeness of precipitation. (See Table | for data on a typical analysis.) 

collected on a filter paper and burned to U3Og at 1200 C.'*) The acidity of 

) this analysis is greater than that of the usual cupferron procedure; this is necessary 

1€ precipitation of hexay iIranium, if any is present. HOLLADAY and CUNNINGHAM")? 
it an increased acidity is necessary in the analysis of tetravalent uranium, Some refer- 
icated that a reducing agent such as hydroxylamine or sodium dithionite should 


he cupferron procedure to insure no oxidation of uranium (IV) and its subsequent 


lure to precipitate with cupferron, but tests for completeness of precipitation when the precipitation 
of uranium (IV) was performed without these reducing agents have not indicated the need for them 
The analy r UsOs did not vary over a two-week period if the solutions were kept under 
nitrogen in a flask sealed with a greased ground-glass stopper. There was slow oxidation of the 
uranium (1V) to uranium (V1) if these precautions were not observed. 
[he solution prepared from the sublimed uranium tetrachloride was analysed for uranium by 
oxidizing to uranyl with nitric acid and evaporating to dryness in a porcelain crucible. The residue 


was then burned to UsQOx.'' The results of these analyses are also shown in Table |. It is 


TABLE | ANALYSIS OF UCI, IN WATER 


Cupferron method Oxidation by nitric acid 


The amounts of materials taken for each The amounts of materials taken for each 
analysis analysis. 


5 ml of UCI, containing uranium equivalent Sml of UCI, containing uranium equivalent 
to 0-08210 g of UsOs to 0-08210 g of UsOs. 

5 ml of 6 N HCl A few drops of conc. HNOs 

5 ml of 1-0 M cupferron 


Wt. of UsOs found Wt. of UsOx found 
I 0- 08208 0-0817 
II 0-08212 0-O818 
Ill 0-O08210 0-O0817 


Ave. 0-08210 0- 00001 Ave. 0-0817 0- 00003 
deviation from theoretical 0-00 *,. deviation from theoretical 0-49 


observable that while these results were not weighed to the same number of decimals, they gave 
high precision. The average value by this method was slightly less than 0-5 per cent lower than that 


(5) C. J. Roppen, Analyt. Chem. 25, 1598 (1953) 

(6) R. J. Brouns and W. W. Miiis, HW-39767, Hanford Atomic Productions Operation, Richland, 
Wash. (1955). 

) J. A. Hottapay and T. R. CUNNINGHAM, Trans. Amer. Electrochem. Soc. 43, 329 (1923). 

(8 H. FURNHAM, W.B. Mason and J. S. Pexora, Use of Cupferron in the Estimation of Uranium, Princeton 
University, ACMP Collected Paper, 49, April 1946 

(9) E. M. KInDeRMAN, B. M. Torpert, E. Zesrosxi and E. H. HorrmMan, R-L 4.6.293, Sept. 30, 1944. 

(10) M. Kortuorr and E. B. Textbook of Quantitative Inorganic Analysis, (3rd Ed.) pp. 303-308, 
MacMillan, New York (1952) 

(42) N. H. Furman, Scott's Standard Methods of Chemical Analysis (5th Ed.), Vol. 1. Van Nostrand, New 
York (1939) 
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obtained by the cupferron method. The chloride was determined by the usual gravimetric method 
The purity and the chloride to uranium ratio mentioned above were calculated from the results of 
these analyses. 

A solution of spectroscopically pure uranium tetrachloride (material a) in 100 per cent ethanol 
was prepared in the following manner. Twenty-five grammes of uranium tetrachloride obtained from 
the MacKay Chemical Company were mixed with 30 ml of 100 per cent ethanol and centrifuged 
to remove the black solid. The sclution was then decanted into a flask, diluted to 500 ml with 100 
per cent ethanol, flushed with nitrogen, and stoppered with a greased ground-glass stopper. Analyses, 
extending over a period of two weeks, showed no deterioration of the solution when kept under 
nitrogen. 

In a similar manner, a stable solution was prepared in anhydrous ethanol using the sublimed 
product 

The solutions of uranium tetrachloride in 100 per cent ethanol were analysed by the following 
procedure. Two millilitres of the uranium tetrachloride were added to 8 mi! of distilled water, 10 ml 
of 6 N hydrochloric acid were added to the uranium solution and the valent uranium was then 
precipitated by slowly adding 10 ml of a 0-12 molar solution of cupfe Precipitation was found 
to be complete. (See Table 2 for typical data.) Since uranium tetrachloride of 99-42 per cent purity 


TABLE 2..-CUPFERRON ANALYSIS OF UCI, IN PURE I 


Conc. cupferron = 0-12 M 
Wt. UsO8 I 0-04808 

il 0-04817 

Ill 0-04818 


Ave. 0-04814 0-0004 
Amt. of UsOxs theoretical 0-04824 


0-04824 — 0-04814 
Per cent error a 100 


0-25 


004824 


was used in making the solutions, the chloride uranium ratio was not determined 
The precision of the uranium tetrachloride analyses in 100 per cent ethanol was 0-1 per cent. 


Preparation of uranyl chloride solutions 


The easiest way that could be found to prepare a uranyl! chloride solution was to use uranyl 
nitrate hexahydrate, obtained from the Mallinkrodt Chemical Comp: as the starting material 
This compound was dissolved in concentrated hydrochloric acid and evaporated by distillation until 
the medium was very viscous. At this point, concentrated hydrochk acid was added small 
portions until no brown oxides of nitrogen could be seen. The evap n was continued in this 
manner until the brucine test indicated that no nitrate was present int ution. When no nitrate 
could be detected, addition of HC! was stopped and water was adde The evaporation was con- 
tinued until analysis showed the chloride to uranium ratio to be k than two. Solutions of the 
desired concentrations were made from this material with the addition of the proper amount of 
standard HCI solution. 

Aqueous solutions of uranyl chloride were found to be stable for an indefinite length of time. 


nts. 


Table 3 shows the stability of uranyl chloride solutions in the indicated water-ethanol so 
The decomposition times note! in Table 3 are definitely not clear-cut q ties. The decomposition 
times indicated for the solutions that contained water‘*-*~*? is the time that a white solid could definitely 
be seen on the wall of the flask. The decomposition in the absolute anol solut manifested 


itself as a very gradual colour change from the original yellow to a dark red. Soon after the formation 


of the dark red colour, a black, flocculant precipitate formed. The time that this precipitate formed 
is the decomposition time recorded. 


12) W. C. Prerce and E. L. Haenicu, Quantitative Analysis (3rd Ed.), p. 380. John Wiley, New York (1944). 
13) F, Feit, Spot Tests (4th Ed.), Vol. 1, p. 300. Elsevier, New York (1954) 
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J. D. Hertey, D. M. Matuews and E. S. Amis 
he solutions were tested for the effect of light by storing them in dark bottles. No effect of light 
was observed by our criterion of stability 
Preparation of uranyl chloride monohydrate 
preparation of anhydrous urany! 
Moreover, purification of the 


By use of the method 


There are recorded many high temperature methods of 
hese methods are, at best, difficult and inconvenient 


chloride 
if at all possible, very tedious 


at high temperatures is, 
iranyl chloride monohydrate can be prepared by use of common equipment and 


without resorting to high temperature methods. 


Taste 3.—STABILITY OF UOeCle- H2O SOLUTIONS 


LOeC! Solvent Time of 


(vol. °, CeHsOH) decomposition 
(days) 


Soln. Conc. 
No (M) 


13 
11 
1] 
1] 
11 
No decomposition 
after 16 
10 


0-022 
0-028 
0-051 

0-067 
0-096 
0-050 


0-050 
0-050 
0-050 


[his method of preparation is exactly as that described above up to the point where an absence 


of nitrate ts indicated by the brucine test. At this point, the flask is transferred to an oil bath main- 
nd dry HC! gas is kept flowing over the product 


e of the HCl gas to prevent the product from hardening into a rock-like mass. 


The material ts stirred rapidly 


vith 


When 
with freshly distilled thionyl chloride. Refluxing speeds up the 
1¢ lumps of hydrated uranyl chloride form a light yellow 


s solid and appears dry, heating is stopped and the crushed compound covered 


further dehydration considerably 


Dut not essential. Upon dehydration, 
powder having an appearance very similar to powdered sulphur. The excess thionyl chloride is 
aspirator through a drying tube. The flask is warmed 


in be seen in the flask, at which time it is transferred to a 


decanted and the flask connected to vater 


gently in a water Dalh unt 
and allowed to dry there for | hr. Uranyl chloride mono- 


n drying oven mat 
has been analysed to have a purity of 99°99 per 


VacCuul 
hydrate prepare in manner 


um ratio of 2-000. This compound absorbs moisture rapidly and must 


cent and a chloride to ura 
be handled in a dry atmosphere. 

From the determination of uraniumas UsOs, the percentage of UOeCle in the compound was found 
to be 94-81 and 94-87. From the analyses for chloride, the percentage of UOeCle in the compound 
rhe average of all these is 94-86 + 0-04. The theoretical percentage 
The percentage deviation of the analysed from the theoretical 


was found to be 94-93 and 94 x? 


of UOeCle in UOeCle-HeO is 94-99 
per cent is 0-19 per cent. This deviation is less than 0-2 parts per thousand. 

Since Mallinkrodt reagent grade uranyl nitrate was used in the preparation of the uranyl chloride, 
since no traces of nitrogen were left in the product, and since analyses for both UsOs and chloride 
agreed so precisely, the criterion for per cent purity and composition of the product was based on 
the agreement between the analysed and theoretical per cent of UOeCleH2O. No actual water 


determination was made since the one water is bound so tightly by uranyl chloride that any water 


analysis would be very doubtful as to the completeness of the determination. 


4) N. V. SipGwick, Chemical Elements and Their Compounds Vol. 2, p. 1076. Oxford University Press, 


London (1956) 
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Preparation, preservation and separation of uranium tetrachloride and uranyl! chloride 


Although the UOeCle-H2O contains a mole of water, this compound can be satisfactorily used in 


non-aqueous solvents whenever the small weight per cent of water is not deleterious. For example, 


a one molar solution in anhydrous ethyl alcohol would only introduce 2:2 per cent water. 


Separation of UAV) from U(VI) 


Cupferron as a method of separation was found to be satisfactory for the separation of U(IV) 


from U(VI) in both water and alcohol solutions. The separations were performed in the following 
One millilitre of six normal hydrochloric acid was added t 
The and U(VI) were each 


manner I ml of either an aqueous, 


an alcoholic, or an ethanol—water solution of ULV) and UC(VI) 
0-025 molar 
It was found that the moles of cupferron must be somewhat in exce 


of moles of U(IV) present. However, if the number of moles of cupferron exceeded eight times the 
i. One millilitre of 0-12 molar 


number of moles of U(IV), the UCVI) was also partially precipitated 
trifuged and the super- 


is added to precipitate the U(IV). The solution was t ce 
sirava t precipitate and the com- 


the UC VI) solution 


ge syStem reaches a point 


of four times the number 


cupferron we 
natent solution of hexavalent uranium was decanted from the te 
pleteness of separation tested by further addition of cupferron solutio 

Since it has been proven that the concentration of tracer in an exc 


the total concentration of the materials involved this 


of equilibrium that ts dependent only on 
lescribed above In this process, 100 A of 


the separation procedure d 
01M M UOcC! 


vould be complete The 


fact was used as a final test of 
0-005 M U was added as the nitrate to 10 ml of a solution containing 
in absolute ethanol and allowed to stand for one day so that the exc! 
mi of the stock solutk ind diluting to 10 ml with 


f the supernatant U(V1) solutions 


solutions to be tested were prepared by taking 2 
the desired solvent. The U(IV) was precipitated and 50 A portions o 
lected all solvent Compositions 


were counted. As is shown in Table 4, the same separation was eflectec 


tested within the limits of counting accuracy. 


TABLE 4.—SeEPARATION OF U(IV) AND 


Solvent 


(vol. ethanol) ounts min 


13-3 2057 42 
20 2031 4) 
2092 44 
2148 46 


The tetravalent cupferrate can be put back into solution by washing the precipitate with water 


and then dissolving it in acetone or chloroform 


CONCLUSION 


By careful manipulations, pure UCI, and UOeCleH2O can be easily obtained, 
and the latter by the 


The stability of solutions of 
\ high purity UCI, in an 


the former compound by sublimation of commercial UCI, 
method of preparation given in this manuscript. 
UOeCle is dependent on the solvent composition used. 
oxygen free solvent is the most stable in any solvent composition studied. 

The cupferron method of separation of U(IV) and U(VI) was found to be 
effective in ethanol, and in water-ethanol solvents as in water alone. 


icknowledeement—We wish to express our thanks to the Atomic Energy Commission for the 


financial support of this work on Contract AT-(40-1)-2069 and to Drs. G. P. Smrrn and H. L. YaKet 


for the X-ray spectrum work reported in this manuscript 


45) R. B. Durriecp and M. Catvix, J. Amer. Chem. Soc. 68, 557 
16) C. J. Roppen, Analyt. Chem. 21, 327 (1949) 
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AMMONOLYSIS OF PERCHLORYL FLUORIDE* 


H. C. Manpett, Jr. and G. BARTH-WEHRENALP 


Pennsalt Chemicals Corporation, Research and Development Department, Wyndmoor, Pa. 
(Received 23 February 1959) 


Abstract—Perchlory! fluoride (CIOsF) reacts with aqueous or liquid anhydrous NHs to form a 
mixture of NHaF and NH;NHCIO3s. Ammonolysis of ClOsF in liquid NHs is greatly accelerated by 
traces of NaNHe (base catalysis) 

From an aqueous solution of NHgk NH;sNHCIOs, concentrated aqueous or alcoholic solutions 
of caesium or potassium hydroxides precipitate salts of the types Ke NCIO3 and KNHC10s. The former 
are isomorphous with the corresponding metal sulphates. The latter are nearly isomorphous with 
the corresponding perchlorates. These salts are highly explosive, and when dry are very sensitive 
hock and friction. Potentiometric titration of K2NCIOs with strong acid gives a curve 


to flame, 
corresponding to the ionization of the amide ClOsNHe: 
HeNCIO; = H* + HNCIO;~ (pH = 3-7) 
HNCIO;~ = H* + NCIO3? (pH = 8-6) 


The identity of the ions NHCIOs~ and NCIOs2~ was further established by ion exchange analysis. 


ENGELBRECHT reported that liquid perchlory! fluoride reacts slowly with anhydrous 
NHs at —78°C to form NHgl NH,NHCIOs. Several hours were required for a 
few grammes of product to be formed. The compound NH;NHCIOs, regarded as 
the ammonium salt of the acidic amide HeNCIOs3, was not isolated. 

In further study of the reaction of ClIO3F with NHs, it was found that liquid 
NHz at —78°C saturated with sodamide, NaNHe, reacted within a few minutes with 
liquid ClOsF, according to the same reaction proposed by Engelbrecht. 


ClOsF — 3NHs - - NHyF NHyNHCIOz; (1) 


There was no reaction between ClO3F and NaNHg itself. These results are 
analogous to the observed reactions of ClOgF with water and NaOH. 


ClOsF + HeO - (extremely slow) HClO, + HF (2) 
ClOsk NaOH -~-NR (3) 
ClOst HoO (relatively rapid) NaClOy + Nak (4) 


The reaction of ClOsF with NHsg is thus regarded as a base catalysed solvolysis. 
Reaction (1) also was found to occur slowly between ClO3F and concentrated aqueous 
NH,OH. 

ENGELBRECHT”’ made unsuccessful attempts to separate pure 
from the simultaneously formed NH4,F by fractional sublimation and crystallization. 
The following method for isolating pure soluble perchloramide salts has now been 
developed. 

* Presented before the Division of Industrial and Engineering Chemistry, American Chemical Society 


134th Meeting, September 11, 1958 
1) A. ENGELBRECHT and H. Arzwanoer, J. Inorg. Nucl. Chem. 2, 348 (1956). 
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It was found that the potassium and caesium (and probably the rubidium) salts of 
perchloramide are sufficiently insoluble to be precipitated from the aqueous NH4F 
NH,NHCIO; solution by addition of a very high concentration of those cations. 
When a dilute solution of NHyF — NH yNHCIOs was saturated with solid KOH 
or was mixed with an equal volume of 90 per cent ethanol saturated with KOH 
(a ten- to fifteen-fold excess of KOH), the fine, white crystalline precipitate which 
formed proved to be KegNCIO3. When a much smaller excess (threefold) of base was 
used, a white crystalline precipitate of KNHCIO; formed. Similar products precipi- 
tated when KeCOs was used in place of KOH. When CsOH was used, the analogous 
caesium salts formed. 

These new compounds were evidently the alkali metal salts of the acidic amide 
of perchloric acid. They were formed by displacing the more weakly basic ammonium 
ion and by neutralizing the other weakly acidic proton in the amide. 


NH — 2KOH - KeNCIOs — NH,OH 


When smaller excess of strong base was employed, the replacement of the am- 
monium ion took place without neutralization of the other proton. 

These non-hygroscopic crystalline white materials, KNHCIO3, KeNClOs, 
CsNHCIO3 and CseNCIOsz, proved to be extremely soluble in water but very slightly 
soluble in 75 per cent or stronger ethanol. They were found stable indefinitely at 
room temperature and were heated to over 300°C in capillary tubes without melting 
or decomposing. All were, however, powerful explosives, being very sensitive to shock, 
friction or open flame, especially when dry. Great care always had to be taken in 
removing the dried solids from the filtration vessel. KNHCIOs, KeNClO3 and 
CseNCIOz3 were seen to crystallize in very small prisms while CSNHCIOs formed large 
octahedral plates. The X-ray diffraction patterns of the dimetal salts were identical with 
those of the corresponding sulphates while the patterns for the mono-salts were similar 
to the corresponding perchlorate patterns. 

The basis for the similarity may be seen in the structures of the ions involved. 


The covalent atomic radii for chlorine and sulphur and for nitrogen and oxygen 
are virtually identical. 


O | O 


The structure of NHCIOs~ would be anticipated to be much like that of ClO, 
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Interesting to note is the series of stable ions: 
O O | l O 


! O—Cl—O | 


in which nitrogen, oxygen and fluorine of similar electro-negativities and nearly identi- 
cal sizes occupy tetrahedral places with oxygen atoms about a central chlorine atom. 

Titration of a dilute solution of an alkali metal perchloramide, as illustrated in 
Fig. | gave inflexions in a potentiometric curve corresponding to the reactions 


H = HNCIO3s~ (pH 8-6) 


H HNCIOs HeNCIOs (pH 3-7) 


POTENTIOMETRIC TITRATION 


MILLIMOLES KaCiOgn 


5 2-0 25 30 35 
MILLIMOLES HC 


Fic. 1.—Potentiometric titration of KeNCIO3 with HCI. 


From these values can be calculated the dissociation constants for the amide HeNCI1Oz 


Ky 3-0 10-6 Ke 10-12 


The amide is thus an acid of roughly the same strength as carbonic acid for which 
Ki = 35 « 10-7 and Ko = 4-4 « 10°". This suggests that dimetal salts of perchlor- 
amide can be prepared from solution for only the most basic cations. alkali and 
alkaline earth metals, and explains the existence of only the monoammonium 
derivative. 


By simple metathesis, these soluble akali metal perchloramides, free of fluoride. 
can be converted to many other perchloramides. For example, a solution of KeNCIOs 
was titrated to pH 8-5 with HCIO,. Insoluble KCIO, was recovered and evaporation 
of the filtrate gave crystalline KNHCIOs. 

In attempt to prepare pure NH;NHCIOsz by a similar procedure, a solution of 
K2NCIOs was acidified to pH 3-5 with dilute HCIO,. Reduction of the volume by 
vacuum evaporation and subsequent addition of alcohol permitted precipitation of 
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all of the potassium as KCIOy. When excess NH,OH was added and the evapora- 
tion continued, there was decomposition with the evolution of chlorine as the solution 
became concentrated. The solid finally obtained was about 20 per cent NHyNHCIO; 

Likewise, an effort to isolate HeNCIOs by precipitating all the potassium from 
KeNClOs and evaporating the resulting solution, gave a solution of HeNCIOgs that 
was stable only until it was concentrated. 

It has been previously reported'!’ that solutions of NHyNHCIO3 + NH4F decom- 
posed when made acid. One of the products was said to be chlorate ion, although the 
hydroxylamine which should have been simultaneously formed could not be detected. 
The potentiometric titrations of KeNClO3 gave no evidence of decomposition of 
HeNCIOs3 at pH 2 or above. Analysis was made of some slightly acidic solutions of 
NHgl NH,4NHCI1O,, using the customary iodimetric determination of chlorate 
(Reduction with KBr, addition of KI and titration of the I» liberated.) The “chlorate” 
determined thus by reduction was found to be one third more than the total chlorine 
content of the sample determined by reduction with Tis(SO,)s and titration of the 
resulting Cl-. This suggests an eight rather than six electron change upon reduction 
of acidified perchloramide solutions. The conclusion is that heptavalent and not pen- 
tavalent chlorate chlorine was present. Since perchlorate ion is not reduced by KBr 
in dilute acid, the heptavalent chlorine must have been in another form, probably 
HeNCIO3. Only when the strength of a mineral acid was increased to a few molar 
was there obvious decomposition of perchloramide solutions into chlorine and oxygen 

To confirm the nature of the ion NCIO3*~, and to demonstrate that the stable 
perchloramide is reduced as readily as chlorate, some ion exchange studies were 
carried out. Dilute solutions containing 8-56 mmole each of KeNClOs3 were passed 


through cation exchange resin IR 120 and through anion exchange resin IR 400 
The anionic resin was eluted with 2N NaOH, then all three effluents were analysed. 
The analytical results are given in Table 1. 


TABLE 1.—ION EXCHANGE OF KeNCIOs SOLUTION 


Chloride |“Chlorate” by 0-75 Total Total 
pH (mmole) redox method| “chlorate” chlorine by nitrogen 


(mmole) (mmole) Tiel SOx) (mmole) 


Original | 12-0 11-2 8-4 8-75 
Cation effluent | 3:7 8-60 


Anion effluent | 12:0 : 0-0 0 
Anion eluate 8-15 8-1? 


These results clearly show that the chlorine and nitrogen are in an anion, that 
the anion is stable at pH 3-7 and that the heptavalent chlorine present is reduced as 
easily as chlorate. 

EXPERIMENTAI 
Ammonolysis of C\Ost 

In a glass trap was placed about 0-1 g NaNHe. This was cooled with liquid nitrogen and on it 
were condensed 18 mmoles of ClOsF and 75 mmoles of NH3. When warmed to —78 C, the solids 
melted into two phases which reacted in 3-4 min giving a white solid. From this solid was recovered 
20 mmoles of unreacted NHsg. 


H. C. MANpe ct, Jr. and G. BARTH-WEHRENALP 


When 10mmoles of ClOsF were condensed on 0-1 g of NaNHs, the solid showed no sign of 
dissolving at —78 C. The ClOsF was recovered unchanged (IR spectrum) and the solid was found 
to contain no fluoride or chlorine compound. 


Preparation of K2NCIO3 
A slow stream of ClOsF was bubbled through concentrated aqueous reagent NH4OH for about 
3 hr resulting in a 0-4-0°5 M solution of NHalk NH«NHCI1Os. A portion of this solution was 
saturated with solid KOH, whereupon a fine white solid precipitated. When filtered on sintered 
glass, washed with 95 per cent ethanol and dried at 110 C, this solid analysed 8-1°% N, 44-3% K, 
20-5°, Cl and F. Calculated for KeNCIOs is 80°, N, 445% K and 202% Cl. (Total 
chlorine by reduction with Tio(SOx4)s, total nitrogen by Dumas method.) A similar product was 
obtained by mixing equal volumes of 0-5 M NHgfI NH4NHCI1Osz and a saturated solution of 
KOH in 90 per cent ethanol 


Preparation of Cs2NC\lO 
To 10 ml of the NHgI NH,NHC1QOs solution were added 10 ml of 95 per cent ethanol saturated 
with CsOH., 
Fine white crystals precipitated at once. These were filtered, washed with 85 per cent ethanol 
and dried at 25 C in vacuo. (Found Cs 72-75, Cl 9-68, N 4:18. Calc. for CseNClOs: Cs 73>1, 
C1 9-78. N 3-85°%). 


Pre paration of © sNHC 10: 


To 10 ml of the NH«NHCIO 
with CsOH. The white crystalline precipitate was filtered and dried as described above. (Found 
Cs 57-6, Cl 15-6, N 5-93. Calc. for CSNHCIOs: Cs 57-4, Cl 15-35, N 605°.) 


solution were added 2 ml of 90 per cent ethanol saturated 


Potentiometric titration of 


4 Beckman model H pH meter, a blue (alkaline range) glass indicator electrode and a calomel 
reference electrode were used. 

A 0-015 M water solution of KeNCIO; had a pH of 12. Titration of this solution with 0-1 
N HCl, HeSO, or HCIO, resulted in a potentiometric curve with a sharp inflexion at pH 8-6 and a 
more diffuse inflexion at pH 3-7 (Fig. 1). For titrations of 1-14 mmole of KeNCIO3 with HCl, the 


first endpoint came at 1-08 milliequivalents and the second at 2:26. These results correspond to the 


reactions 


~ KHNCIO K 
HeNClOs K* 


KeNClO; + H 
KNHCIO; + H 


Preparation of KNHC1Os from K2NCIO 


A. 0-5 M solution of KeNCIOs was titrated to pH 8-5 with 0-1 N HCIO,. By evaporating the 
solution to a small volume and adding about three times that volume of ethanol, there was crystal- 
lized out all of the KCIO, formed. The supernatant liquid was evaporated in vacuo at 45 C to leave 
a solid that analysed 30-6°% K, 273°, Cl and 106% N. Calculated for KNHCIOs is 284% K, 
25-8%, Cl, 102°, N. In several preparations, the potassium and chlorine analyses were always 
slightly high, probably due to the formation of a littke KCl by decomposition during the final 
evaporation. 
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CATION EXCHANGE PROPERTIES OF THE AMMONIUM 
HETEROPOLYACID SALTS 


J. VAN R. Smit, J. J. Jacoss and W. Ross 


National Chemical Research Laboratory, South African Council for Scientific and 
Industrial Research, Pretoria 


(Received 23 February 1959) 


Abstract—This paper describes the cation exchange properties of the ammonium salts of some 
heteropolyacids. In acidic solutions, only those metal ions that form heteropolyacid salts which 
are insoluble in water exchange significantly with the ammonium ions on these salts. These are the 
larger alkali ions: potassium, rubidium and caesium; and the monovalent ions: silver, mercury (1) 
and thallium (1). Mass distribution coefficients for trace amounts of these ions were obtained in 
0-1 N ammonium nitrate, and they show remarkably high selectivities of the ammonium hetero- 
polyacid salts towards these ions. Selectivity coefficients for pairs of alkali metal ions are more than 
ten times as high for ammonium molybdophosphate as those obtaining for the organic resin Dowex 50 

rhe solubility of ammonium molybdosilicate and ammonium tungstosilicate is such as to pre- 
clude their use as ion exchange materials for separating ions. In the case of ammonium molybdo- 
arsenate, materials of different colour and physical appearance were obtained by different routes 
of preparation. These showed marked differences in adsorbability towards caesium. Preliminary 
X-ray diffraction analysis has shown these differences in ion exchange behaviour to be due to the 
existence of different crystallographic components in the various preparations. 


It has been known for over fifty years that when an ammonium molybdophosphate 
precipitate is washed with potassium nitrate solution, as is customary in many pro- 
cedures for the determination of phosphate by means of the molybdophosphate 
reaction, some of the ammonium ions in the precipitate exchange for potassium ions. 
BAXTER and GriFFIN"’ who discovered this phenomenon, found the exchange to 
be reversible, for, after subsequent treatment of the precipitate with ammonium nitrate 
solution, the composition of the precipitate was the same as if the potassium nitrate 
treatment had been omitted. 

Similar observations have since been reported by a number of workers. Washing 
with neutral potassium nitrate solution was found by TerLet and Briau™’ to produce 
about 50 per cent replacement of the ammonium ions. Sodium ions also exchange 
when the precipitate is treated with sodium sulphate solution, but to a much smaller 
extent. According to GisiGer,”’ the extent of exchange increases with increasing 
concentration of the replacing ion. THistLeTHwairTe™? found that approximately two 
of the three ammonium ions are replaced by potassium when ammonium molybdo- 
phosphate is washed with a dilute acidified potassium nitrate solution. 


() G. P. Baxter and R. C. Grirrin, Amer. Chem. J. 34, 204 (1905) 
2) H. Terter and A. Brau, Ann. Fals. 28, 546 (1935) 

5) L. Gusiger, Z. Anal. Chem. 115, 15 (1938) 

(4) W. P. Analyst 72, S531 (1947) 
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Base exchange has no influence upon the results of the analysis for phosphate 
if the alkalimetric procedure, based on precipitation as ammonium molybdophosphate, 
is used or if the molybdophosphate reaction is only utilized for the removal of inter- 
fering ions. Not surprisingly, therefore, the cation exchange phenomenon received 
little further attention 

Meriter and TREADWELL"? studied the differences in solubility of various potassium, 
rubidium and caesium salts and calculated thermodynamically the maximum differ- 
ences to be expected for the different alkali salts with large complex anions. The 
validity of the theory was tested for the alkali molybdophosphates by investigating 
by an equilibrium method the exchange of potassium, rubidium and caesium ions 
with the ammonium ions of the precipitate. The extent of exchange was found to 
be increasing in the order potassium, rubidium, caesium, and for each alkali ion to 
increase with increasing proportion of ammonium molybdophosphate used per 
equilibration. From the shape of the isotherms they concluded that the ion ex- 
change probably took place by rapid adsorption on the surface of the particles until 
saturated, followed by a second phase of slow exchange into the interior of each 
particle, resulting in an approximately linear concentration gradient of the alkali 
ion between the surface and the centre of the particle. 

NYDAHL has been reported by Linpovist to have found ammonium molybdo- 
phosphate an efficient ion exchanger for the heavier alkali metal ions, but details of 
his work have apparently not been published 

In the course of this study a further paper on the cation exchange of ammonium 
molybdophosphate was published by BucHWALD and TuistLeTHwarte.’” They 
examined the ion exchange properties of this compound by treating suitable quan- 
tities of the solid with acidified solutions of the nitrates of Group I and Group II 
elements, as well as that of thallous thallium, and then analysing the precipitate and 
liquors. Their results indicate a high degree of exchange with K, Rb, Cs and TI, 
but only insignificant exchange with Li, Na and Group II metal ions. 

This is the first of a series of papers from this laboratory describing the results 
of a more detailed study of the ion exchange properties of the ammonium salts of a 
number of heteropolyacids. Some preliminary data for ammonium molybdophos- 
phate have already been published. '* 


EXPERIMENTAI 


Preparation of ammonium heteropolvacid salts 

Most of the salts were prepared by modifications of methods described by Griirtner and 
JANDER Analytical grade reagents were used throughout, unless stated otherwise. As prepara- 
tion of some heteropolyacid salts by different routes yielded materials with markedly different ion 
exchange properties, the methods used are described in full detail below 

1. Ammonium molybdophosphate (AMP)—(a) Direct. The citromolybdate procedure of KASSNER 
et al was modified in order to conserve expensive molybdate and at the same time to allow 
Precipitation of large quantities of this compound in the presence of the desired excess of molybdate 


reagent 


D. Meier and W. D. Treapwett, Hele. Chim. Acta 34, 155 (1951). 
I. Linpevist, Nova Acta Reg. Sci. Uppsala 18, (AV), No. 1 (1950) 
H. BucHWaLp and W. P. TuistterHwarte, J. Inorg. Nucl. Chem. 5, 341 (1958) 
5) J. vaAN R. Smarr, Nature, Lond. 181, 1530 (1958) 
B. GrROtrNner and G. JaNper, Handbuch der Prdparativen Anorganischen Chemie (Edited by G. Braver), 
p. 1258. Ferdinand Enke Verlag, Stuttgart (1954). 
J. L. Kassner, H. P. Crammer and M. A. Ozer, Analyt. Chem. 20, 1052 (1948) 
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Eighty-one grammes of ammonium nitrate, 81 g of citric acid monohydrate and 102 g of ammo- 
niumpar amolybdate (NH4)sMo7Oe°4H2O were dissolved in 2140 ml of water without heating. In 


a four-litre beaker, 456 ml of 60 per cent C.P. nitric acid were diluted with 390 ml of water and 
the citromolybdate solution slowly poured into the dilute acid, with stirring, to obtain a clear final 
solution 

4 10 ml solution of 0-5 g of diammonium hydrogen phosphate (NH4)eHPO, in water was then 
added to the acid-citromolybdate reagent, while stirring. The mixture was heated to boiling and 
maintained at the boiling point for about 2 min After cooling for half an hour or longer, the 
precipitate was filtered through a Buchner funnel. The mother liquor was returned to the original 
beaker and the precipitate rinsed with | N ammonium nitrate solution into a separate container for 
further treatment subsequently. 

Fifty millilitres of a solution containing 160 g 1. of ammonium paramolybdate were slowly added, 
with stirring, to the cooled mother liquor. Stirring continuously, 2.60 ml of 60 per cent nitric acid* were 
then added, followed by slow addition of a 10 ml aqueous solution of 0-5 g of diammonium hydrogen 
phosphate. The solution was then heated to boiling and filtered at the pump, as described above 
The preparation was carried out in triplicate and the cycle repeated several times from for each 
until a total of about 400 g of AMP was obtained 

All the AMP was next slurried on to a Buchner funnel with | N ammonium nitrate and filtered 
with suction. The precipitate was now repeatedly washed with port of | N ammonium nitrate 
until the pH of the washings was above 3-0. This was followed by washing with a few portions of 
01 N ammonium nitrate. The precipitate was finally sucked well dry and was then exposed to the 
air for two to three days until a fine, dry, yellow powder was obtained. This was thoroughly mixed 
to ensure homogeneity, and stored in the dark in an air-tight container 

(b) Via free acid. Molybdophosphoric acid was prepared by boiling a mixture of 63 ¢ of 25 
per cent phosphoric acid in 100 ml of water and 35 g of molybdic oxide MoOs for 2 hr. The mixture 
was filtered and the filtrate cooled in ice to well below room temperature. Five millilitres of conc 
hydrochloric acid were now added to the filtrate and the resulting solution extracted with several 
portions of ethyl ether. The oily co-ordination compound between the heteropolyacid and ether 
was collected in a wash bottle and 20 ml of distilled water added. The ether was removed by immers- 
ing the wash bottle in hot water and bubbling air for 30 min 

The resulting aqueous solution was diluted to 125 ml and AMP precipitated at room temperature 
by dropwise addition of 20 ml of 3 M ammonium nitrate solution. After standing overnight, the 
precipitate was filtered off, washed and dried as described above 

(c) By “second precipitation”. If AMP is dissolved in a small excess of ammonia and molybdate 
and ammonium nitrate added to the solution, the precipitate may be formed again by acidification 
It has been found'**? that if the conditions for this “second precipitation” are such that the molybdate, 
ammonium and nitric acid concentration and temperature of precipitation are identical with those 
of the “first precipitation”, the “second precipitation” is much more rapid and complete than the 
“first precipitation” and the AMP is usually obtained in a finer form. AMP prepared in this way 
has therefore been considered separately 

A small quantity of AMP was prepared by such a “second precipitation”, choosing a final molyb- 
date, phosphate and ammonium ion concentration identical with that in the classical method for 
precipitating AMP, as described by Vocet''*). After allowing to stand for 2 hr, the precipitate was 
filtered, washed with 0-1 N ammonium nitrate, and air-dried 

The material obtained by each of these methods was bright yellow 

2. Ammonium molybdoarsenate (AMA)—a) Direct. One gramme of arsenious oxide AsO, was 
dissolved in the minimum amount of hot 60 per cent C.P. nitric acid* and the resulting solution 


* It has been shown''!? that the molybdate species taking part in the molybdophosphate reaction is 
probably the paramolybdate ion Mo;O:,"', rather than orthomolybdate MoO,*~, as suggested by most 
textbooks. This quantity of acid then represents the amount of nitric acid consumed when 0-5¢ of 
(NH 4)eHPO, takes part in the reaction 

120 TINH geHPO 65HNOs > TINH 20 uo + 6SNH 

* The As!!! is simultaneously oxidized to As¥ during this operatior 

A. Gray, M.Sc. Thesis, University of Stellenbosch (1954); G. Janper and K. F. Jaur, Aolloid-Beih 

41, 297 (1935) 

J. vaAN R. Smit, M.Sc. Thesis, University of Stellenbosch (1953) 
A. 1. Vocet, A Text-book of Quantitative Inorganic Analysis p. 464. Longmans, Green, London (1948). 
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added to a | |. solution containing 120 g of ammonium nitrate. One-and-a-half litres of acid- 


molybdate reagent were prepared according to the directions of Vogel. Both solutions were 


heated to 40 C and the molybdate reagent added to the arsenate solution. A pale yellow precipitate 
formed very slowly. It was filtered off after two days standing, washed with 0-1 N ammonium nitrate 


solution and dried in the ait 


um salt. Four grammes of arsenious oxide were dissolved in the minimum quantity 
utric acid and the solution added to a solution of 30 g of sodium molybdate Naz MoO ,:2H2O 
ml of water. The mixture was neutralized and made about I N in acid by the addition of 
ydrochloric acid. The ammonium salt was precipitated at 45 C by dropwise addition of 
saturated ammonium chloride. After several hours the precipitate was filtered off, washed 
iried as described. The product obtained was light grey in colour 
free acid. A solution of 25 g of sodium molybdate in 100 ml of water was carefully added 
| of 60 per cent nitric acid to obtain a clear solution. In the minimum amount of nitric acid 
senious oxide was dissolved and the solution added to the acid molybdate solution. Five 
litres of conc. hydrochloric acid were added, the solution cooled in ice, and extracted with 
5 ml of ether, collecting the lower oily layer in a wash bottle. The extraction was repeated several 
th 5 ml portions of ether after the addition of 2 ml quantities of conc. hydrochloric acid, 
further amounts of the oily compound were formed 
all amount of water was now added to the wash bottle and the ether removed as described 
under 1(b). The final solution was diluted to 100 ml and AMA precipitated at room temperature 
by the slow addition of 20 ml of 3 M ammonium nitrate. Filtration, washing and drying of the 
precipitate were carried out as for the other preparations. The product obtained was bright yellow, 
closely resembling AMP. 

3. Ammonium molybdosilicate (AMS). A small amount of laboratory reagent quality sodium 
silicate (water glass) and two pellets of sodium hydroxide were dissolved in 20 ml of water and boiled 
for 15 min in order to convert all the silicate to the monomer. After cooling, the solution was added 
to a molybdate solution containing 25 g of sodium molybdate in 100 ml of water. The mixture was 
now neutralized to a pH of about 1-5 by dropwise addition of 1:1 nitric acid. 

\fter filtering, 2 ml of conc. hydrochloric acid were added and molybdosilicic acid extracted 
with several portions of ether, with the addition of 2 ml quantities of conc. hydrochloric acid before 
each equilibration. The ether-heteropolyacid compound was received in a wash bottle, water added, 
and the ether removed as previously described. The solution was now diluted to 100 ml and the white 
ammonium molybdosilicate precipitated by slow addition of an excess of saturated ammonium chloride. 

4. Ammonium tungstophosphate (AWP)—(a) Via sodium salt. A solution containing 50g of 
sodium tungstate NazWO,42H2O and 25 g of disodium hydrogen phosphate NasHPO,-12H2O in 
about 100 ml of water was evaporated at 80°C until crystals started to form. To this were carefully 
added 75 ml of 24 per cent hydrochloric acid and the solution again evaporated at this temperature 
until crystals started to form. The solution was then diluted twofold and AWP obtained by drop- 
wise addition of an excess of a saturated solution of ammonium chloride. This was followed by 
the usual filtration, washing with 0-1 N ammonium nitrate, and drying in the air. 

(b) Via free acid. A solution containg 25 g of sodium tungstate and 0-8 g of phosphoric acid, 
specific gravity 1-70, in 40 ml of water was prepared. To this was slowly added 40 ml of 24 per 
cent hydrochloric acid, with stirring. The solution was cooled down in ice water, 5 ml of conc. 
hydrochloric acid added, and then extracted with small portions of ethyl ether, adding 2 ml amounts 
of conc. hydrochloric acid before each equilibration. Further treatment of the ether—heteropolyacid 
compound to prepare AWP was identical with that described for AMS. A white, microcrystalline 
material was obtained. 

5. Ammonium tungstoarsenate (AWA)—(a) Via free acid. One gramme of arsenious oxide was 
dissolved in the minimum quantity of hot conc. nitric acid and the resultant solution carefully 
added to a solution of 25 g of sodium tungstate in water. The acidity was then adjusted to about 
0-1 M in nitric acid. The solution was heated to 60-70 C and kept at this temperature for a few 
minutes. This was followed by the addition of 20 ml of conc. hydrochloric acid, cooling in ice, and 
extraction with ether as described for AMS. 

From the extract an aqueous solution was prepared in the usual manner, AWA precipitated with 
Saturated ammonium chloride solution, followed by filtering, washing and drying, as described. 
The material obtained was light yellow. 
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(b) Via sodium salt. A solution containing 43 g of sodium tungstate in 100 ml of water was added 
to a solution containing 3 g of arsenious oxide, dissolved in conc. nitric acid. The solution was 
made strongly acidic by neutralizing with conc. hydrochloric acid and adding 5 ml in excess. The 
ammonium salt was now prepared by dropwise addition of saturated ammonium chloride solution. 
Filtering, washing and drying were then performed in the usual manner. A cream-coloured com- 
pound was obtained. 

6. Ammonium tungstosilicate (AWS). This was prepared in the same way as AMS, using 30g 
of sodium tungstate and a small amount of sodium silicate as starting materials. The final AWS 


product was white. 
8-Hydroxyquinoline molybdophosphate (QMP). A small quantity of this compound was 

prepared according to the directions of GoTTscHALK.'?* 
Distribution coefficients 

Batch distribution coefficients were determined by agitating weighed amounts (usually about 
0-25 g) of the ion exchanger with 15 ml of 0-1 N ammonium nitrate, containing a trace quantity of 
the element in question, overnight in a thermostat bath at 25 = 02°C. This was followed by filtra- 
tion of the mixture through Whatman No. 40 filter paper and analysis of the filtrate. In some cases 
a clear filtrate could only be obtained after repeated filtration, while in others formation of a colloidal 


solution prevented the determination of distribution coefficients. 
Distribution coefficients were calculated by means of the usual relationship 


k Concentration of X per gramme of exchanger 
Concentration of X per ml of solution 


where X is the ionic species in question. 

The radiotracers **Na, *K, **Rb, *°*Tl, ““°Ag (compounds or metals irradiated in the Harwell 
pile) and '°*Cs (obtained from the Radiochemical Centre, Amersham) were used for measuring 
relative concentrations. 


Jol, RESULTS AND DISCUSSION 


Distribution coefficients were determined for the alkali metals (except for lithium) 
and, in the case of AMP, also for thallium (I) and silver. Mercury (1) should also 
exchange with AMP, but was not included in this study. For the purpose of compari- 
son, distribution coefficients for the alkali metals have also been determined with 
air-dried Dowex 50 in the ammonium form. In each case the acidity of the solution 
before equilibration was adjusted with nitric acid to a pH of 2-0 + 0-1. The pH after 
equilibration was always found to have changed by not more than 0-1 pH units. 

As already stated, some of the preparations were too fine to allow separation of 
the liquid and solid phases by filtration or centrifugation. The 0-25 g quantities of 
AMS and AWS were found to have dissolved completely in the 15 ml of 0-1 N ammo- 
nium nitrate solution after equilibration overnight, and Kg values could therefore not 
be obtained for them. 

Examination of the results, summarized in Table |, shows the adsorbabilities of the 
alkali metals for a particular heteropolyacid salt to increase with increasing atomic 
number, or size, of the alkali metal, as with “strong-base”’ organic exchangers. The 
same is true for silver and thallium, for which the Ky values for AMP are higher 
than for the alkali ions of corresponding size. This is probably due to the partial 
covalent character of the bonds between thallium or silver ions and the molybdo- 
phosphate anion, which has the effect of increasing the effective size of the cation. 

The separation factors for pairs of alkali metals (defined as the ratio of their dis- 
tribution coefficients under similar experimental conditions) are seen to be more 


(4) G. Gorrscnack, Z. Anal. Chem. 158, 257 (1958), 
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than ten times as high for some of the ammonium heteropolyacid salts as for Dowex 
50. This allows for much more efficient separation of the alkali metals on a column 
of the ammonium heteropolyacid salts than for columns of synthetic organic 
resins,‘!®-!® as has already been demonstrated for AMP.'*) A more detailed account 
of the separation of the alkali metals on columns of AMP is given in a subsequent 
paper."!” 

If only a trace amount of the ion whose distribution coefficient is being determined 
is involved, Ka may be expected to be almost independent of the weight of ion ex- 
changer taken, as long as the loading does not exceed about | per cent. Table 2 shows 


TABLE 2.—VARIATION OF THE DISTRIBUTION COEFFICIENT OF CAESIUM IN 0-1 N AMMONIUM 


NITRATE SOLUTION WITH THE WEIGHT OF AMA USED IN THE FOUILIBRATION 


Weight of AMA taken(g) 00-2498 0-2506 0-1005 0-2504 0-2498 0-1005 0-0998 
Ka 1197 1186 2054 1167 1169 2029 2076 


that this is not true for the exchange of caesium on AMA in dilute ammonium nitrate 
solution. Further investigation is required before this phenomenon can be explained 


NATURE OF THE ION EXCHANGE ON THE AMMONIUM 
HETEROPOLYACID SALTS 


There is little doubt that AMP and the other heteropolyacid salts owe their cation 
exchange properties and high selectivity for monovalent ions to their peculiar crystal 
Structure, and it seems appropriate to consider briefly the structure of this class of 
compounds, using AMP as an example. 

AMP is the insoluble ammonium salt of a member of a group of complex acids 
formed by the oxides of molybdenum and tungsten with phosphoric or arsenic acid, 
called the 12-heteropolyacids. The general formula of these acids may be written as 
HsXYi2Ow .nHeoO where X is P or As and Y is Mo or W 

X-ray studies of the heteropolyacids''*.\® and their salts,'2°-2!) summarized by 
Wetts,'**’ have shown that a heteropolyacid anion, such as molybdophosphate, 
consists of a hollow sphere formed by the twelve linked MoO, octahedra, with the 
PO, group in the centre. In crystals of the salts, the cations with associated water 
molecules are fitted in between these spheres of relatively large negative ions. Com- 
paratively large interspaces or “cavities” exist between these spheres, allowing for 
the accommodation of large cations, even cations as large as the organic bases strych- 
nine, 8-hydroxyquinoline, etc. Apart from ammonium ions, only the large monovalent 
cations, viz. K*, Rb*, Cs*, Tl*, Ag*, Hg* and organic bases are sufficiently large to 
be packed stably enough into this structure to lower the crystal energy sufficiently 
to give salts insoluble in water. 


(19) G. Kayas, J. Chim. Phys. 47, 408 (1950) 

(16) S. A. RInG, Analyt. Chem. 28, 1200 (1956) 

(17) J. vaN R. Smrr, W. Rope and J. J. Jacons. J Inorg. Nucl. Chem. 12, 104 (1959) 

(18) J, F Keaoin, Proc. Roy Soc. A 144, 75 (1934) 

(% A. J. BrRapiey and J. W. ILtincwortn, Proc. Roy. Soc. A 187, 113 (1936) 

(2) J. W. and J. F. J. Chem. Soc. $75 (1935) 

(21) J. A. Santos, Proc. Roy. Soc. A 150, 309 (1935) 

(22) A. F. Wexrs, Structural Inorganic Chemistry (2nd Ed.), pp. 348-55. Clarenden Press, Oxford (1950) 
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These inorganic ions are the only ions that exchange in acidic medium with the 
ammonium ions on the ammonium heteropolyacid salts, for the cavities and the 
channels linking neighbouring cavities in these crystals are large enough to allow 
free movement of the inorganic cations about in the crystal. The cations may also 
move in and out of the lattice and be reversibly exchanged for other cations. In 
view of the porous structure of these salts, the ion exchange should therefore take 
place throughout the entire crystal lattice and not only on the surface of the crystals 
as previously thought.’ 

With salts of the heteropolyacids with organic bases, such as 8-hydroxyquinoline, 
the ion exchange may be expected to take place on the surface only, for, although 
the cations of 8-hydroxyquinoline still fit comfortably into the cavities between the 
heteropolyanions, they are too large to pass through the channels linking neigh- 
bouring cavities, and therefore cannot move about in the crystal lattice or out of it. 

This is substantiated by experiment. When tracer caesium was shaken overnight in 
0-1 N ammonium nitrate solution with QMP, a distribution coefficient of about 1,500 
was found (Table 1). The caesium was probably adsorbed by ion exchange on the 
surface or by incorporation in the QMP structure during slow recrystallization of 
the compound. However, unlike with AMP, the tracer caesium, when applied to 
the top of a column of QMP, followed immediately by elution with dilute ammonium 
nitrate solution, was not adsorbed, but more than 99 per cent of it came off with 
the first few column volumes. This shows that salts of organic bases and the hetero- 
polyacids are unsuitable as ion exchange materials. 


ION EXCHANGE OF THE AMMONIUM HETEROPOLYACID SALTS 
PREPARED BY DIFFERENT ROUTES 


Samples of AMP gave similar distribution coefficients, within experimental error, 
whether prepared directly or via the free acid (Table 1). This was not true for AWP 
and AMA, notably for the latter, where large differences in Kg values were found for 
the materials prepared directly, via the sodium salt, or via the free acid. These different 
materials were also different in physical appearance, especially in colour. 

These differences were thought to be due to differences in crystal structure of the 
different materials. X-ray diffraction patterns of the various materials were obtained 
using a Philips diffractometer (Co K-« radiation, Fe filter, maximum 26 = 60°). 
The different preparations of AMA were found to contain three different compo- 
nents, as shown in Table 3. Component C is probably the one responsible for the 


TABLE 3.—DIFFERENT CRYSTALLOGRAPHIC COMPONENTS IN AMMONIUM 


HETEROPOLYACID SALTS PREPARED BY DIFFERENT ROUTES 


Method of preparation 


Sample Via Via By second 
Direct sodium salt free acid precipitation 


AMA A B + C* 
AMP A+ CT - Cc 


* About 60 per cent of C. + More than 95 per cent of C. 
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high selectivity for the alkali ions, as AMP, which has the highest selectivity of the 
materials studied, consists almost entirely of this component. This crystallographic 
component is probably the same as that found by ILLINGwWorRTH and KeGorn. ‘20 

The X-ray diffraction pattern of AMS was also obtained. This was found to differ 
markedly from the patterns found with AMA and AMP. None of the three crystallo- 
graphic components found in the different preparations of AMA and AMP were 
present in the AMS sample. 


INFLUENCE OF pH ON DISTRIBUTION COEFFICIENTS 


\ number of determinations of Kg for rubidium in 0-1 N ammonium nitrate solu- 
tion with AMP was carried out using solutions of different pH values. The pH values 
recorded were those measured after equilibration. As might be expected, the Kg 
values (Table 4) were constant, within experimental error, over the pH range studied. 


TABLE 4.—INFLUENCE OF DH ON THE DISTRIBUTION COEFFICIENT OF 


RUBIDIUM WITH AMP IN 0-1 N AMMONIUM NITRATE 


9H of solution 1-15 2:15 5 4-50 
I 
192 190 186 


Adsorbabilities of other alkali ions from dilute ammonium nitrate solutions are 
probably also independent of pH over this range (1-2-4-5) 
Multivalent ions do not exchange significantly in acid solution, but are strongly 


adsorbed from neutral solution (pH 2-5-5-0), their adsorbability being highly 
dependent on the pH of the solution. This is dealt with in a separate paper.‘2?’ 


Acknowledgement—We are indebted to Dr. F. Herssters and his group for the X-ray analyses 
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Research. 
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Abstract— The use of ammonium molybdophosphate (AMP) as a cation exchanger for the chromato- 


graphic separation of alkali metals has been investigated. This material is only obtained as very fine 


crystals, but large columns with favourable flow rates may be prepared from mixtures of AMP and 


asbestos. The feasibility of separating the alkali metals, sodium, potassium, rubidium and caesium, 


from one another on columns of AMP-asbestos has been demonstrated. These separations can be 


performed more efficiently than with columns of conventional organic ion exchangers. In the separa- 


tion of pairs of alkali ions a small amount of the more strongly adsorbed alkali can be selectively 


adsorbed from solutions containing quantities of the more weakly adsorbed ion representing up to 


several times the maximum loading capacity of the column 


The mass action law has been shown to apply to the exchange between rubidium and ammonium 


ions on AMP. Breakthrough curves for the rubidium—ammonium and caesium—ammonium exchange 


on AMP resemble those obtained with * strong-base” organic resins. The saturation exchange capacity 


of AMP for rubidium and caesium is only about two-thirds of the theoretical figure, calculated from 


the known composition of AMP and assuming that all its ammonium ions are exchangeable. 


IN the preceding paper'!’ we have reported on the cation exchange properties of the 
ammonium heteropolyacid salts. It was shown by equilibrium experiments that the 


various alkali metal ions are adsorbed on to these salts by exchange and that the 


adsorbability of the various alkali ions is greater the larger their relative crystallo- 


graphic radu. Thus, in 0-1 N ammonium nitrate solution, sodium shows negligible 


exchange, while caesium is very strongly adsorbed 


This paper describes the application of the cation exchange properties of the hetero- 
polyacid salts to the chromatographic separation of alkali metal ions on columns of 
these materials. Although some other heteropolyacid salts, such as ammonium 


tungstophosphate and ammonium molybdoarsenate, may also be used successfully for 


column separations, we have confined our investigation to ammonium molybdo- 
phosphate (AMP) as this compound shows the highest selectivity for the alkali 
metals and is the best known and cheapest of the ammonium heteropolyacid salts. 
It is also easily prepared in large quantities and hence is anticipated to find more 
ready application as an ion exchange material than the other heteropolyacid salts. 
The feasibility of separating trace amounts of the alkali metals on a column of AMP 
has already been demonstrated in an earlier report ;'”’ the work has now been extended 
to the separation of macro quantities of the alkali metals. 


J. vAN R. Smit, J. J. Jacops and W. Ross, J. Inorg. Nucl. Chem. 12, 95 (1959) 
J. vaAN R. Smit, Nature, Lond. 181, 1530 (1958) 
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USE OF LARGE COLUMNS OF AMP 

The same batch of material used in previous experiments’! has been used here 
This was prepared by an adaption of the citromolybdate procedure for the precipi- 
tation of AMP of KASSNER ef 

AMP, as well as other insoluble heteropolyacid salts, always precipitates out 
as a microcrystalline product. With column beds of AMP suitable for separating 
weighable amounts of the alkali metal ions, a workable flow rate would therefore be 
extremely difficult to obtain. 

Efforts to obtain large crystals of AMP, or to convert them into a granular form 
without the aid of a binder, have met with little success. The tendency of the insoluble 
heteropolyacid salts to form only very fine crystals may perhaps be attributed to the 
weak crystal forces resulting from their peculiar structure. It may be recalled that 
free heteropolyacids, as well as their soluble salts, crystallize out from aqueous solu- 
tions as well-developed large crystals with large numbers of water molecules of 
crystallization. When these are left to dry in the air, they lose water and break down 
into the pentahydrates, which have a microcrystalline character resembling the 
insoluble heteropolyacid salts both in appearance and in crystal structure.’ In 
the freshly crystallized material the water of hydration is responsible for cohesion 
and permits the existence of large crystals, but in the pentahydrate structure the pre- 
sence of fewer molecules of water apparently only provides for greatly diminished 
cohesion, with the formation of only very fine crystals. Hence, even if large crystals 
were to be prepared they would probably disintegrate into smaller particles when 
brought into contact with water or aqueous solutions. 

This problem, it has now been found, is easily overcome, by employing mixtures 
of AMP with asbestos, such as the material used for Gooch crucibles. When these 
two are mixed in water or an electrolyte solution (e.g. in a | : 1 ratio, by weight), 
the AMP crystals appear to adhere firmly to the asbestos fibres, and when the mixture 
is allowed to settle, the two show no tendency to separate. When the mixture is 
poured into a column, the AMP-asbestos mixture packs well into a bed, with no 
apparent separation or non-uniformity. Large columns of AMP-asbestos may be 
prepared in this way with very favourable flow rates. As the average particle size 
of the AMP (usually substantially smaller than 200 mesh) cannot be readily con- 
trolled, the flow rate may be altered by changing the ratio of asbestos to AMP 

AMP.-asbestos columns have the advantage that they may be allowed to “run dry” 
with little danger of air bubbles entering the column bed. 


PREVIOUS METHODS OF SEPARATING THE ALKALI METAL IONS 


In many methods of analysis for particular alkali metal ions, other alkalis frequently 
interfere seriously. This is particularly true for the heavier alkalis. For instance, 


precipitation reactions with potassium which form the basis of methods of deter- 
mining this element, such as the tetraphenyl borate,'®) molybdosphosphate,’’ per- 
chlorate methods, etc., are also given by rubidium and caesium. Although there are 


‘%) J. L. Kassner, H. P. Crammer and M. A. Ozter, Analyt. Chem. 20, 1052 (1948). 
i4) Jj A. SANTOS, Proc. Roy Sox ay 150, 39 (1935). 

) J, W. Ittinowortn and J. F. Keaotn, J. Chem. Soc. 575 (1935) 

(6) W. Lieser, Zement-Kalk-Gips 10, 61 (1957) and further references given therein 
(7) R. Beccner and J. W. Rosinson, Anal. Chim. Acta 8, 239 (1953) 
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suitable precipitation methods, such as the tungstosilicate procedure,'*’ for separating 
potassium and caesium, the available methods for the separation of potassium and 
rubidium are less satisfactory. There is even a greater paucity of methods for the 


separation of caesium and rubidium, other than by chromatography, especially 
when these are present in trace quantities. Chromatographic methods include the 
cation exchange methods of Kayas,'®’ RinG”® and Davies and OWEN", utilizing con- 
ventional organic resins, an ion exchange method utilizing complexing agents,‘!”’ 
paper chromatography‘! and the recently developed cation exchange on synthetic 
'6) With the exception of the latter, these methods are 
lengthy and cumbersome, and separation factors for pairs of neighbouring alkali 
metals are rather unfavourable. 


inorganic exchangers." 


SEPARATION OF THE ALKALI METAL IONS ON COLUMNS 
OF AMP-ASBESTOS 


Experimental methods 


In the separation experiments described in this section, the AMP-asbestos columns were prepared 
by weighing out the desired quantities of the materials in one container and adding sufficient 0-1 N 
ammonium nitrate to allow thorough mixing. After mixing, the slurry was poured into a glass column, 
using glass-wool and some asbestos as a column support. The mixture was then allowed to settle 
while the column drained. When weakly adsorbed ions (e.g. sodium and potassium) were to be 
separated, the column was first conditioned by passing through 0.01 N ammonium nitrate. With more 
strongly retained ions this was unnecessary, and the column was ready for use as soon as the liquid 
used for the packing of the column was drained off. 

The nuclides 24Na, (obtained from A.E.R.E., Harwell) and (supplied by the Radio- 
chemical Centre, Amersham) were employed for measuring relative concentrations. In some of the 
experiments, effluent fractions of a few drops each were collected in test tubes and the elution curve 
obtained by measuring the radioactivity of each fraction. In other cases (e.g. in the separation of 
potassium and rubidium) the effluent activity was measured by passing the column effluent through a 
G.M. flow-counter, connected to a count-rate meter, and reading off the effluent activity at suitable 
intervals. 

Separation of sodium and potassium. The separation of 1-3 mg of sodium and 2-03 mg of potassium 
on a 2:1 column of AMP-asbestos is shown in Fig. la. These quantities represent a maximum 
column loading of about 2:5 per cent with respect to sodium and about 2:3 per cent with respect to 
potassium, assuming an exchange capacity of 1-57 m-eq,g of AMP for each (see later). This figure 
is obviously too high, as the trisodium salt of molybdophosphoric acid is very soluble in water, and 
the corresponding potassium salt, while still reasonably insoluble, is appreciably more soluble than 
AMP. It may safely be assumed, therefore, that only a fraction of the ammonium ions in AMP are 
available for exchange with sodium ions. Hence, the actual exchange capacity of AMP for sodium 
should be far below that of the theoretical figure. This explains the form of the sodium peak which 
indicates that only part of the sodium had actually been retained by the AMP, while the rest passed 
through unretarded. The remarkable selectivity of AMP for the alkali metals is borne out by Fig. Ib. 
This shows the separation of 104 mg of sodium from 1-02 mg of potassium, corresponding to about 


8) W. W. Scott, Standard Methods of Chemical Analysis (5th Ed.), p. 897. Van Nostrand, New York 
(1945) 
G. Kayas, J. Chim. Phys. 47, 408 (1950) 
S. A. RinG, Analyt. Chem. 28, 1200 (1956). 

11) C,. W. Davies and B. D. R. Owen, J. Chem. Soc. 1676 (1956). 
F. Neitson, J. Amer. Chem. Soc. 77, 813 (1955) 

13) For example see A. E. Street, Nature, Lond. 173, 316 (1954). 

1) K. A. Kraus, H. O. Puicurps, T. A. CARLSON and J. S. JoHNSON, Proceedings of the Second International 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958, P/1832. 

15) EF. A. C. Croucn, J. A. Corserr and H. H. Wiruis, AERE C/R-2325 (1957) 

16) C. B. Ampuietr, Proceedings of the Second International Conference on the Peaceful Uses of Atomi 
Energy, Geneva, 1958, P 271 
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200 and | per cent column loading, respectively. There is no other method of separation, whether 
by ion exchange or otherwise, capable of separating similar quantities of these two alkali metals as 
simply, rapidly and as efficiently. 

Separation of potassium and rubidium. The separation of small quantities (e.g. 2 mg) of potassium 
and rubidium has been carried out successfully with a column of the same dimensions as that used 
for the sodium-potassium separation. More concentrated elutriants were employed in this separation. 
Fig. 2 shows the selective adsorption of 19 mg of rubidium (representing a column loading of about 
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FRACTION NUMBER 
Separation of 1-3 mg of Na and 2-03 mg of K. 
Column: 1-48 g of AMP + 0-74 g of asbestos. 
Dimensions: 0-81 cm? « 6-8 cm. 
Separation of 104 mg of Na and 1-02 mg of K 
on same column as with A. 


60 


15 per cent) from a solution containing 600 mg of potassium. This quantity of potassium is about ten 
times the total maximum (theoretical) exchange capacity of the column. 

Separation of rubidium and caesium. A column of AMP-asbestos has also been used for the separa- 
tion of macroquantities of rubidium and caesium, as illustrated by I ig. 3. The method is suitable 
for the production of pure caesium and rubidium compounds in industry”) and may be adapted for 
the separation and isolation of !°7Cs from fission product solutions.'**: +*) It may also be used for the 
concentration and separation of rubidium and caesium in a procedure for determining these two 
elements when present together.(!") 

Other separations, Although the separation of other combinations of the alkali metal ions has not 
been investigated, it is clear that such separations should offer no difficulties. The selectivity of AMP 
for the larger alkali metals is such that small quantities of the larger alkali ions (such as caesium and 
rubidium) may always be selectively adsorbed from solutions containing large quantities of smaller 
alkali ions. 


7) J. vaN R. Sarr, Brit. Pat. Appl. No. 2787/59, 
(18) J. van R. Smit, W. Rose and J. J. Jaconss, Nucleonics 17, 116 (1959), 
J. R. et al., to be published. 
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Fic. 2.—Separation of 600 mg of K from 19 mg of Rb. 
Column: | g of AMP — 0-5 g of asbestos, 
0-81 cm* 3-3 cm. 
Linear flow rate: ~ 1 cm/min. 
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FRACTION NUMBER 


Fic. 3.—Separation of 12-3 mg of Rb and 13-5 mg of Cs. 
Column: 50 : 50 (w/w) of AMP-asbestos, 
1:54cm? x 8-9 cm. 
Each fraction of effluent = 10 drops. 
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In acidic solutions, only the relatively large monovalent ions, viz. K*, Rb*, Cs*, Ag*, Hg*, and 
I'l*, exchange significantly. These are the only ions that form molybdophosphates which are insoluble 
in aqueous systems.'*) This permits selective adsorption of these ions from solutions containing large 
quantities of multivalent ions or the relatively small monovalent ions, as the presence of these ions 
has only a small influence on the adsorbabilities on AMP of the strongly adsorbable ions 

For instance, tracer caesium may be quantitatively adsorbed from 20 |. of sea water on a column 
consisting of only 2 g each of AMP and asbestos. This extremely high selectivity of AMP for caesium 


may be used for determining '*’Cs fall-out in samples of rain, sea-water or river water. 


MASS ACTION LAW APPLIED TO ION EXCHANGE ON AMP 
The ion exchange between the alkali metal ions and the ammonium ions on 
AMP may be represented by the following equation (using the exchange with rubidium 
as an example): 


Rb R NH; Rb R NH, 


where R represents the anionic molybdophosphate framework. In the mass action 
expression for this equilibrium, 


[Rb-|[RNH,] 


the term [Rb R]/[Rb*] = Ka, the distribution coefficient, and, if only trace quantities 
of Rb are involved, [R NH4] may be taken as constant. The expression may then be 
written 
K = Ka 
constant 
log Kg = constant — log [NH,4*] 


The variation of log Ka with log [NH4*] was determined for rubidium and, as may 
be seen from Fig. 4, the experimental points lie on a straight line of slope | for 
the concentration range 0-05 M to 1-5 M, showing the ion exchange between rubidium 
and ammonium ions on AMP to obey the mass action law. 

Fig. 4 also shows the variation of Kg of rubidium in 0-1 N ammonium nitrate 
solutions containing varying quantities of lithium nitrate. The decrease in Ky appears 
not to be the result of a true ion exchange reaction, but may possibly be ascribed to 
variations in the activity coefficients of the rubidium and ammonium ions in the two 
phases due to the presence of lithium nitrate. 


BREAKTHROUGH CURVES 


Breakthrough curves for the caesium-ammonium and rubidium-ammonium 
exchange have been determined by passing a tagged caesium or rubidium solution of 
known concentration through a column bed consisting of | g each of AMP and 
asbestos. Fig. 5 shows these breakthrough curves to be reasonably symmetrical 
and to be analogous to those obtained with “strong-base” organic resins.'*!’ The 
symmetry of these curves, as well as that of the elution peaks in the separation experi- 
ments, where linear flow rates of about |cm/min were maintained, shows the column 
to have operated under equilibrium conditions. 

(2°) J. vAN R. Smit, W. R. McMurray and J. J. Jacons, to be published 


(2!) For examples see O. Samuetson, Jon Exchangers in Analytical Chemistry Chap. V. John Wiley, New 
York (1953). 
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CONCENTRATION 
Fic. 4.—Variation of Ka for Rb with concentration— Vol, 
A. with NH,* concentration, B. with Li* concentration. 12 
(In the latter case, each solution also contained 0-1 mole of 1959 /¢ 


NH4NOs per litre.) 
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Fic. 5.—Breakthrough curves for Rb and Cs 
| gof AMP + 1 gof asbestos used in each run. 
Column: 1 cm? « 7-4cm. 
A. With Cs solution containing 496 mg Cs/100 ml. 
B. With Cs solution containing 311 mg Cs /100 ml. 
C. With Rb solution containing 160 mg Rb/100 ml. 
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The influence of higher flow rates on the shape of the elution peaks or breakthrough 
curves has not been investigated, but it seems likely that linear flow rates considerably 
higher than | cm/min may be tolerated, since this is true in beds of synthetic organic 


exchangers. There is no reason to suspect that diffusion rates in AMP should be slower 
than in organic exchangers, and, in addition, the relatively small size of the AMP 
crystals would actually favour higher rates of exchange, and hence higher flow rates 
in AMP-asbestos columns. 


TABLE 1..-NUMBER OF EQUIVALENTS OF AMMONIUM IONS LEFT ON COLUMNS Of 
A MP-ASBESTOS AFTER BREAKTHROUGH EXPERIMENTS 


Remaining number of 
equivalents of NH 
per mole of AMP 


Concentration of influent | 
solution (mg per 100 ml) | 


496°5 Cs 1-29, 
311 Cs 1:29 
321 Rb 0-57, 
160-5 Rb 1-14, 


ION EXCHANGE CAPACITY OF AMP 

A MP is known to have a cubic structure, being isomorphous with caesium molybdo- 
phosphate, whose crystal structure has been throughly studied.’ The three ammon- 
ium ions of the AMP molecule could therefore be expected to be equivalent with 
respect to exchangeability. Hence, according to this reasoning, all the ammonium 
ions on AMP should be exchangeable for the relatively large alkali metal ions. Assum- 
ing the composition of AMP to be (NH4)3PMo;2040:2H20, its ion exchange capacity 
may then be calculated to be 1-57 m-eq/g 

An estimate of the practical ion exchange capacity of AMP for rubidium and 
caesium was obtained by analysing the columns of AMP-asbestos of the previous 
series of experiments for ammonia (after completion of the breakthrough experiments), 
using a micro-Kjeldahl method. Reproducibility of the results (Table 1) was only 
moderate. They show that a maximum of only about 60 per cent of the ammonium 
ions have been exchanged for caesium and about 80 per cent for rudibium. This 
is in agreement with observations by BUCHWALD and TuisrLerHwatre.'*”’ If treat- 
ment of the column with the caesium or rubidium solution had been prolonged, the 
conversion might have been more complete, but it is doubtful whether quantitative 
exchange of the ammonium ions for caesium or rubidium would have been obtained 
\ possible explanation for this might be that caesium (and to a lesser degree rubidium) 
ions gradually block up the channels in the AMP lattice, thereby inhibiting the 
mobility, and hence exchangeability, of the residual ammonium ions. 


CONCLUSION 
In conclusion, a few other interesting observations on the exchange on AMP 
may be made here. As ammonium ions are the only exchangeable cations of AMP, 
this exchanger, like “strong-base” organic resins and unlike the zeolites, is mono- 
functional. Adherence to the mass action law could therefore have been expected. 


(22) H. BucHWaLp and W. P. TutstietrHwarre, J. Inorg. Nucl. Chem. 5, 341 (1958) 
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For theoretical studies on ion exchange, synthetic organic resins are very well suited, 
but they tend to shrink and expand when the experimental conditions are varied, 
which is a greatly complicating factor. AMP, like inorganic zeolites, shows only 
negligible shrinking. However, the use of the latter for theoretical studies of ion 


exchange 1s limited by their polyfunctionality. AMP, it appears therefore, combines 
the advantages of both the “‘strong-base” organic resins and the zeolites. 

As an ion exchanger, it is cheap, readily available and easily prepared in any 
laboratory. lon exchange on AMP is completely reversible and adsorbed ions may 
be desorbed in the usual way by elution with suitable elutriants. AMP has the further 
advantage that it may be dissolved in a dilute alkaline solution and be reformed 
upon acidification. 

In neutral or acidic solutions its solubility is sufficiently low to permit the use 
of columns of AMP for separating ions chromatographically. In pure water, however, 
it peptizes slowly. This difficulty is obviated by keeping it in contact with a dilute 
electrolyte solution, preferably one containing ammonium ions. 


Acknowledgement—This paper is published by permission of the South African Council for Scientific 
and Industrial Research. 
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Abstract—The reaction of UsOx, uranium carbide, and uranium boride, each respectively, with the 
metals Fe, Ni, Cr and Nb were investigated with thermoanalytical techniques and X-ray analysis 
The air oxidation of uranium carbide and boride as well as the interaction between UOc, UsOx 
and CryOs was briefly examined. It was found that all the above metals reduce UsOx rapidly well 
below 1000 C. No interaction between uranium carbide and said metals was observed. Only Ni 
was found to react with uranium boride with the formation of an unidentified phase. The mecha- 
nisms Of UsOs reduction and uranium carbide and boride oxidation are discussed in light of the 
data. New phases resulting from interaction of CreOs with UsOx and the oxidation of uranium 
boride are reported. 


Tue solid state reactions of a number of uranium compounds have been investigated 
by means of differential thermal analysis, thermogravimetry and X-ray analysis. 
The reactions studied are as follows: 


1. UgOxg, uranium carbide, and uranium boride, each with the metals Fe. Ni. Cr 
and Nb. 


2. and UQOs, each with CroOg. 

3. The oxidation of uranium carbide and uranium boride 

The purpose of this work is to survey a relatively broad area of uranium chemistry 
with a lesser emphasis on depth. Wherever possible, however, some mechanistic 
rationalization of the data is presented. 


APPARATUS AND PROCEDURES 
A. Differential thermal analysis 
The DTA apparatus utilized in this study is a commercially available unit manufactured by the 
Robert L. Stone Company, Austin, Texas, and is described in industrial literature supplied by 
the manufacturer. All the measurements described herein were performed under the following 
conditions: 
(1) Rate of temperature rise: approximately 16 C, min. 
(2) Temperature range: 25-1000 C. 
(3) Sensitivity: it differed for different measurements but for all cases it falls in a range whereby 
a temperature difference of 1 C results in a pen displacement between 0-85 and 2-5 in. on a 
standard 12 in. strip chart. 
Sample weight: approximately 0-8 g of powdered sample. 
Packing density: the powders are tapped into the sample well with no external pressure 
applied. 
Reference material: calcined alumina. 
Diluent: the samples are not diluted. 
Atmosphere: a static argon atmosphere is used in each case. 
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B. Thermogravimetric analysis 


\ Chevenard thermobalance was used which measures weight continually as the temperature 
of a material is raised. In the present work, temperature was raised at a rate of 10 C min and measure- 
ments were made to approximately 1000 C. 


\-ray analysis 


\ G.E. Model XRD-3D X-ray diffractometer was used for obtaining powder patterns on the 


materials of interest. When “UOs" is reported, only the presence of a fluorite phase is implied which 


may or may not be stoicheiometric. The same comment applied to the other materials. In each case, 


CuA, radiation was used, filtered through Ni. The reported relative intensities are the ratio peak 


heights on the diffractometer trace. 


TABLE | 


Reaction l min reaction temp. ( C) 
1. 3030s + 4Fe 2Fe2Os(?) -- 500 
2. 5Us0s 4Nb » 2INbeO 491 
3. 4Cr 2CreO 800 
4. UsOs + 2Ni » 2NiO — 3U02 896 


MATERIALS 


The materials used in this study are listed below with their source or mode of preparation, average 


particle size as determined on a Fisher sub-sieve sizer, and analysis. 


Niobium: 9-5 u. Minimum Nb content is 99-3 per cent. Maximum concentrations of impurities 
in per cent are as follows: C, 0-05; N, 0:03; O, 0-15; Si, 0-05: Fe, 0-10: Ta, 0-20: Ti. 0-05. H, 
200 ppm; Mo, 500 ppm; Zr, 500 ppm. 

Chromium: Electrolytic. 4-4 «4. Minimum Cr content is 99-8 per cent. Maximum concentrations 
of impurities in per cent are as follows: C, 0-04; S, 0-04; Si, 0-03; Fe, 0-03; Al, 0-005: Ni, 0-01: 
Mn, 0-01; Cu, 0-01; O, 0-65; N, 0-005 

Iron: Electrolytic. 5-6 «. Minimum Fe content is 98-3 per cent. Maximum concentrations of 
impurities in per cent are as follows: C, 0-04; S, 0-03; Si, 0-02; Ni, 0-15; N, 0-008: O, 1-25 

Nickel: Carbonyl process. 3-6 «. Minimum Ni content is 99-85 per cent. Maximum concentra- 
tions of impurities in per cent are as follows: C, 0-09; S, 0-005; Co, 0-01; Mn, 0-01; Fe, 0-01 

UsOs: Oxidation of AEC high purity UO:. 7-8 u. No further analysis 


UB,; From Cooper Metallurgical Associates. 2 «. Uranium by direct analysis, boron by differ- 


ence yields stoicheiometric formula, UB 


U¢ From AEC. Weight as UsQOs yields stoicheiometric formula UC;-«9. No X-ray lines 


attributable to uranium oxide are present 


RESULTS AND DISCUSSION 


metals 


DTA patterns of 50-50 w/o mixtures of the metals Fe, Ni, Cr and Nb, each 
with U3Os, (stoicheiometrically, a large excess of metal), are shown in Fig. 1. In 


the case of U3Ox +- Fe, an exotherm indicative of reactions initiates at approximately 
500°C and extends to 600°C. The small endotherms at 770°C and 920°C can be 
associated, respectively, with the Curie point of iron (unreacted excess) and the 
transition to y-iron. After the measurement, the sample was cooled to room tempera- 
ture in argon and subsequent X-ray analysis indicated that UsOx has been completely 
reduced to UOe. The same procedures were followed with UsOx + Cr and UsOx + Nb 
with the same results. In the case of UgOg + Ni, a small quantity of UsOx was still 
present after the DTA measurement. 
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The above results are summarized in Table 2. That the reactions listed in Table 2 
can occur as written is known, of course, from thermodynamic considerations. The 
value of the described measurement lies in the fact that some indication is obtained 
of the temperature range in which the reaction rate becomes “appreciable”. It 
is shown elsewhere” that the term “appreciable” can be defined quantitatively. 
Specifically, the temperature at which the initial reaction rate has a value of | per 


200 400 600 1000 
Temperature 


Fic. 1.—DTA patterns of UsOx ~ metal mixtures. 


cent conversion per minute, under the particular set of experimental conditions 
employed, can be calculated from the DTA trace. It is also shown" that | per cent 
per minute for powers in the 1-10 » range corresponds approximately to a reaction 
rate of 10-6cm/min in terms of rate of increase of product layer thickness. The 
temperatures to which the above considerations apply are given in Table |. 

Two general types of mechanisms can be postulated for reduction of UsOs by 
metals. One involves mass transport by solid state diffusion processes only. In the 
other, U3Os dissociates followed by reaction between O2(g) and the metal as follows: 


- > 3U0As) Oo(g) 


+ metal(s) — metal oxide(s) 


) H. J. Borcnarpt, J. Inorg. Nucl. Chem. In press. 
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It has been shown"? that the DTA data may be utilized to determine whether 
or not the mechanism involving the dissociation step is possible. These considerations 
reduce to the following: 

The rate of the over-all reaction cannot exceed the rate of dissociation of UsOx 
if the above equations correctly describe the mechanism. The maximum rate of 
dissociation can be calculated from the surface area and dissociation pressure. Al- 
ternately, the same calculation can yield the /owest temperature at which a particular 
rate of dissociation can occur. For the 7-8 « particle size UsOg, this minimum tempera- 
ture is 613 'C, for a rate of 1 per cent conversion per minute. Thus, below 613°C, 
the dissociation pressure of U3QOx is too low to allow step (1) above to occur at an 


initial rate of | per cent per minute. In light of the data in Table 2, it follows that the 


reactions involving Fe and Nb are not proceeding by the dissociation mechanism 
cited above and the alternative solid state diffusion mechanism appears more likely in 


these cases. 


B. l O>» CroOz 


Mixtures of UgOxs and UOs, each with CroOz, were heated for 2 hr at 1000°C in 
argon on the thermobalance. No detectable weight change was observed in either 
case. X-ray analysis of the residues indicated that no reaction occurred in the case of 
UOQz — CreO3. However, U3Ox did react with CroOg3 to give rise to a new phase 
with X-ray lines given in Table 2. 


Studies with samples in the composition range, three moles Cr2O3 to two U3QOs indicate 
that the new phase contains U and Cr in the ratio of approximately | : 1 gramme 
atoms (UCrO;,) and that this phase has a very narrow solid solubility range. 


Uranium carbide, uranium horide metals 


DTA patterns of 50-50 w/o mixtures of uranium carbide (69°, UCs, 31° UC) 
with the metals Fe, Ni, Cr and Nb show no behaviour that can be attributed to inter- 
action. The observations with uranium boride were similar except for the case 
of uranium boride ~- Ni. Here a new phase appeared with X-ray lines as given in 
Table 3. 


H. J 


BorcHarpt, J. Amer. Chem. Soc. $1, 1529 (1959). 
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TABLE 2 
Line d lo 
j 3-78 70 
q 2 3-36 100 
4 3 3-03 100 
3 2-85 10 
3 2-53 70 
6 2-41 10 
4 7 1-62 10 
§ 


Observations on reactions of uranium compounds 


TABLE 3 


D. Oxidation of uranium carbide 


A sample of uranium carbide weighing 0-5938 g was heated in static air to 1000°C 
at a rate of temperature rise of 10°C/min on the Chevenard thermobalance. The 
rather unusual weight-temperature trace shown in Fig. 2 was obtained. From the 
weight changes at the various arrest points on the curve, an explanation can be 
obtained as follows: 


0 5 30 45 60 7 90 105 i20 135 
mun 


Fic. 2.—Thermogram of uranium carbide in static air. 


1. Composition of uranium carbide. Assuming that the final product is Ug sOxg, < 
weight gain of 0-043 g should be observed if the reactant is UC». The actual weight 
at 1000°C shows that a gain of 0-051 g takes place. The reactant, therefore, has an 
average composition of UC}.69 or a mixture containing 31 per cent UC and 69 per 
cent UC». 

2. Composition at 677°C. Since the weight at this temperature is greater than 
the final weight, it follows that some of the carbon must still be present. If the sample 
at 677°C consisted of UQz plus all the original carbon, weight gain of 0-074 g is 
expected. The observed weight gain is 0-062 g. It therefore appears that approxi- 
mately } of the carbon originally present is lost by 677°C. 
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3. Composition at approximately 900°C. If the weight loss between 677°C and 
the minimum in the curve at approximately 900°C was due to loss of all the re- 
maining carbon, the weight loss should be 0-035 g. The observed weight loss of 
0-034 g agrees well with this figure. If the mechanism postulated thus far is correct, 
the process between 900°C and 967°C is the oxidation of UOzg to UsOxs. The theoretical 
weight gain for this process is 0-023 g. A weight gain of 0-023 g is observed. 


TABLE 4 


Theoretical Observed 
weight change weight change 
(g) (g) 


150-680°C 
UC, + (1 + §x)O2 UOz + 0-062 


680-900 C 
2C + 20 0-035 


900-970 C 
3UQO2 + O2 0-023 


Table 4 summarizes the steps by which the observed weight-temperature be- 
haviour can be consistently explained. Under the described experimental conditions 
step (2) begins to proceed as soon as carbon is formed, although at a slower rate than 
step (1), leading to a build-up of carbon. Step (3) does not occur until reaction (2) 
is complete; that is, UO2 does not oxidize to U3QOx in the presence of carbon. 


E. Oxidation of uranium boride. 

A cursory study of the oxidation of uranium boride in air reveals that the process 
is a highly complex one. Under certain conditions, a new phase appears which pre- 
sumably contains uranium, boron and oxygen. The colour of this material is green- 
yellow. The first sixteen X-ray lines of this phase are given in Table 5. 


TABLE 5 


Ilo 


57 
49 
100 
100 
54 
49 
92 
14 


= 


oo 


A weight-temperature plot of uranium boride heated in air with temperature 
rising at a rate of 10°C/min, is shown in Fig. 3. A distinct break in the curve occurs 
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in the neighbourhood of 500°C. The residue resulting from this measurement con- 
tains the new phase. However, when uranium boride is placed directly into a furnace 
at 1000°C, this phase does not appear but, instead, the product is a black hard mass. 
X-ray diffraction shows UsO0s and UQOs to be present. The presence of BeOs is inferred 
from the stoicheiometry and the physical state of the residue (i.e. the uranium oxide 
is cemented into a hard mass by what is probably BeQOs glass). 

In order to gain a little more insight into the nature of the oxidation process, 
isothermal measurements were performed between 400 and 1200°C, in air. Different 
processes appear to occur in different temperature ranges as follows: 


Fic. 3.—Thermogram or uranium boride in static air. 


1. Below 500°C. A very slight weight gain occurs with no changes perceptible 
visually or by X-ray analysis on a time scale of hours. 

2. 600-700°C. In 4 hr at 600°C, uranium boride is converted into a dark olive- 
green product. The X-ray pattern of this product indicates the presence of two very 
poorly crystalline phases: UsOs and the new phase. No other phases can be 
discerned, specifically, no crystalline UB, is present. 

Further reaction is very slow. The product above was heated to a total of 20 hr 
at 600°C, then 45 hr at 700°C and 23 hr at 800°C. The successive treatments resulted 
in an increase in the relative amount of the new phase with a corresponding 
decrease in UsOg content. Both phases remain poorly crystalline, however. During 
these processes, the colour of the sample gradually becomes lighter. 

The above sample was subsequently heated for | hr at 1000°C. This results in the 
formation of the unknown phase in a moderately well crystallized state, almost 
complete disappearance of UsOx and a colour change of the sample to green-yellow. 
Fig. 4 shows the change in the first lines of the X-ray diffractometer trace as a result 
of the above operations. 


Weight 
23 
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ol, 
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3. Above 800°C. When uranium is inserted into a furnace at 800°C or above, 
a black, hard mass is formed very rapidly which by X-ray analysis is seen to contain 
U30xs and UO». As previously mentioned, the presence of BeOs is inferred from the 
stoicheiometry and physical state of the sample. 

The new phase is thermally unstable above 900°C. Decomposition leads to the 
formation of U3O0xs and probably BoO3. This decomposition occurs both in air and in 


4 t 600 °C 


32 
24, degrees 


Fic. 4.—First few lines of the diffractometer trace of oxidized uranium boride. 
Note the diminution in the intensity of the UsOs lines on the successive patterns. 


argon. At 900°C, the first visual indication of decomposition is obtained after 4 hr. 
At 1150 °C, decomposition is perceptible after 4 min. Heating for 23 hr at 800°C 
results in no detectable change. This, of course, does not imply that the phase is 
thermodynamically stable at or below 800°C. 

It is interesting to note that the unknown phase forms most readily in a crystalline 
state at a temperature (1000°C) where it is unstable. 

Although no pretences are made that the oxidation of uranium boride in air is 
understood, light is shed on certain coarse features of the process by the present data. 
These are as follows: 

(1) Below 500°C the oxidation of uranium boride proceeds at an extremely slow rate. 

(2) At approximately 500°C a change occurs, which leads to virtually catastrophic 

oxidation above this temperature. 
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(3) Between 500°C and 800°C two successive reactions are evident. First, a rapid 
reaction occurs leading to the formation of U3Ox, and a new phase. This is 
followed by a much slower process whereby U3Ox gradually disappears. 

(4) At or above 800 C, oxidation leads to a different set of products. The new 
phase does not appear and instead UgOx, UOe and BeOs are formed. Note 
that the unidentified phase is quite stable at 800°C once it is formed. 


SUMMARY 


Under the described experimental conditions, the metals Fe, Ni, Cr and Nb reduce UsOx to 
rapidly well below 1000 °C. 

No reaction was observed to occur between uranium carbide and the above metals 

Only Ni was found to react with uranium boride with the formation of an unidentified phase. 
CreOz reacts with UsOx to form a new phase. Under the same conditions, CreOs does not react 
with 

The air oxidation of uranium carbide yields, initially, UOe and carbon. Thereafter, uranium 
carbide and free carbon compete for the available oxygen, the oxidation of uranium carbide 
occurring at the more rapid rate. UsOs is not formed until all the free carbon has been oxidized. 
The air oxidation of uranium boride is very slow below 500 C, but proceeds catastrophically 
above this temperature. Between 500 C and 800°C, oxidation leads to the formation of a new 
phase. Above 800 C, oxidation leads to the formation of UsOs, UO and BoOs. 
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Abstract 


The formation constants of several metal complexes of citrate and tricarballylate, and of 
the “hydrogen complexes”, i.e. complexes in which HA®~ act as ligands, have been determined by a 
titrimetric method. For MniIl), Zn(1l) and Ni(II) complexes of citrate, the value of 
Awa’ Ky varies from 10° to 10***, the ratio increasing with increasing value of Kya. The citrate 
complexes are more stable than the corresponding tricarballvlate complex, as expected. The Co(II) 
and Mg complexes of citrate have reduction potentials which are too negative for direct polarographic 
method. In the pH region 1-9 to 2-5 the 1 : 1 uranvyl-citrate complex has been shown to be a monomer 
with log Ky, 8-5. 


\s part of a continuing investigation of metal complexes of organic acids,’ we 
report here the formation constants of several metal complexes of citrate and tri- 
carballylate (A*~). By the use of the titrimetric method of SCHWARZENBACH'2) (using 
metal ion concentration tenfold in excess over the ligand concentration), the formation 
constants of the “hydrogen complexes”, i.e. complexes in which HA2~ act as ligands, 
are also obtained. 

Meites'*® studied the cadmium complex of citrate by means of a conventional 
polarographic method,'*»’ while an e.m.f. method used by TREUMANN and Ferris‘? 
has yielded an extrapolated value of 5-37 for log Kea ci~. The Co(II) and Ma(Il) 
complexes of citrate, however, have reduction potentials which are too negative and 
the reduction waves are irreversible. For the measurement of these metal complexes, 
an indirect polarographic method was developed. 

FELDMAN and co-workers") have studied the uranyl-citrate system and have found 
that when equimolar mixtures of uranyl nitrate and citric acid are raised to pH 3:5, 
there is present a | : 1 uranyl-citrate complex as a dimer (UOcCit~)o. They also 


* Work done in part at Argonne National Laboratory under the auspices of the U.S. Atomic Energy 
Commission. The work of N. C. Li and J. M. Wurre was supported in part by the U.S. Atomic I nergy Com- 
mission through Contract No. AT (39-1)-1922 with Duquesne | niversity. Presented at the International 
Conference on Co-ordination Chemistry at London. England, April 11-16, 1959 
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studied the uranyl-citrate system over a wide range of pH; however, no quantitative 
value of the formation constant of any of the complexes is given. HerrNer and 
BoBTELSKY state at pH < 7 the uranyl-citrate complex is the monomer, UO:Cit~, 
and gave the constant: log Kua = 3-16. This value seems too low, in view of the 
formation constant reported for uranyl-oxalate: log Kua = 5°82. We have therefore 
redetermined the formation constant of the uranyl-citrate complex in the pH region 
where it is a monomer, and the result is reported here. 


EXPERIMENTAL 


Materials. All chemicals used were C.P. grade. The 0-1 M stock solution of uranyl nitrate con- 
tained an equimolar amount of HCl, and was standardized by the gravimetric determination of 
uranium after ignition to UsOs. The solutions of citric acid and tr carballylic acid were checked by 
titration with standardized sodium hydroxide, and only fresh solutions were used 

Procedure. pH determinations were made with a Beckman Model G pH meter and a Radiometer, 
type PHM 3k, using a glass electrode with a saturated calomel electrode as the reference electrode 
The instruments were standardized against standard buffer solutions at pH 4 and 7. Below pH 2:2 
the instruments were calibrated with HCI-KCI solutions. During all titrations a stream of presaturated, 
nitrogen gas was passed through the titration vessel. 

Polarographic measurements were made with a Sargent Model XXI or a Fisher Electropode 
polarograph in the manner previously described.'** 


METHOD OF CALCULATION 
(A) Dissociation constants of H3A. The dissociation constants of the tricarboxylic 
acids, HsA, which are necessary for calculating the formation constants of metal 
12 complexes with citrate or tricarballylate, are determined by the following equilibria 
present in aqueous solutions 

HsA HeA H+: Ay (HeA (la) 
HeA HA* Ke = (HA®-)(H*) (HeA~) (1b) 
HA* Ae H*; Ks = (Ic) 
Although citric acid has an OH group and acts as a tetrabasic acid, H4yA, toward 
Cu(II) and Fe(II), we have found that for the metals reported in this paper, in 
the pH region below 9, citric acid acts as HsA. (See Fig. | for titration curves of 

Ni(I1) and uranyl-citric acid mixtures. ) 
Equations relating concentration of the tricarboxylic acid, concentration of 
NaOH and pH to the dissociation constants can be derived in a manner similar to 
those for glutathione and oxidized glutathione reported by Lietal.'*) The equations are 


+ 


g 
pK; = pH + log — + log (2a) 
- g 


Ke H log ——— lo (2b) 


= pH — log log 


(5) C. Hermyer and M. Bosretsxy, Bull. Soc. Chim. Fr. 356 (1954) 

(6) L. J. Hewr, J. Phys. Chem. 46, 624 (1942). 

<7) R. C. WARNER and I. Weper, J. Amer. Chem. Soc. 75, 5086 (1953) 

(8) N. C. Lt, O. Gawron and G. Bascuas, J. Amer. Chem. Soc. 76, 225 (1954) 


— 8) (2c) 
Ko g) 
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where g = [37 — (NaOH) — (H*) + (OH-)]/T and T = total molar concentration of 


citric acid in solution. 


Fic. 1.—pH titration of: curve 1, 0-01 M citric acid, 0-15 M NaCl: curve 2, 0-005 M 
citric acid, 0-05 M Ni(NOs)e; curve 3, 0-01 M citric acid. 0-01 M UOe2d(NOs)o, 0-01 M 
HCl, 0-11 M NaCl; curve 4, 0-02 M citric acid. 0-01 M UO2XNOs)e, 0-01 M HCl, 
0-11 M NaCl 
a = moles NaOH per mole citric acid plus HCl, when present. 


(B) Formation constants of metal complexes and “hydrogen complexes” (after 
SCHWARZENBACH™’). The chelating agents are taken to be the ions A?- and HA2 and 
the formation constants are defined by the equations 


M2 A3 MA-; Kua = (3a) 
M2 HA?2 MHA: Kuna — (MHA)/(M2*)(HA2-) (3b) 


In the presence of tenfold excess metal ion over total acid concentration T, and 
in the pH region where (A®~) may be neglected, we have the following equations: 


T = (HA*-) (HeA~) + (H3A) (MHA) + (MA-) (4) 
S = (HA®~) — 2(H2A~) 3(H3A) (MHA) (Sa) 
3T — (NaOH) — (H*) ~ (OH-) (Sb) 
g= S/T (6) 
S may be defined as the total concentration of protons bound by A. Combination 
of equations (4), (Sa) and (6) gives 
g(MA~) + (g — I(MHA + HA®>) + (g — 2(HeA-) + (¢ 3) HsA) = 0 
(7) 
Since the metal ion is in tenfold excess. we may assume a constant concentration of 


free metal ion [(M) constant] and introduce the following quotients, as developed 
by SCHWARZENBACH'? 
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Ky = (MHA (8a) 
Ky = (HeA~)/(H* (MHA HA®*) (Sb) 
By combining equations (3a), (3b) and (1), it can be shown readily that Ay and Ke 
are really groups of constants: 
Ky {1 (Sc) 
Ke [Ko(1 Kuua(M)}"! (Sd) 
Combination of equations (8a), (8b) with equations (1) and (7) gives 


e(1/Ki) — (¢ — (2 — Ke (g — 3(H*)Ke /K; = 0 
(9) 


In equation (9), the unknowns are Ky and Ke and may be evaluated by any suitable 


mathematical device. In the present investigation, we proceeded as follows: Let 


(10) 


(H*) — 2) — 3X H*)/Ki] 


For a given g in the regions g = 1-5 + 0-2 and g = 0-5 + 0-2, the values of Y and Y 

were calculated, giving one point each on the X and Y axes. A straight line ts drawn 

through these two points. Straight lines are drawn in exactly the same way for the other 

values of g in the above regions. The Y¥ and Y values that correspond to the point 

of intersection of these straight lines yield the values of 1/A, and Ko, respectively. 
‘ol. From equations (8c) and (8d), it is easy to derive the following relationships 
12 for the calculation of the formation constants 


Kya [Ky Ko (lla) 
Kuna = (Ke Key! (1 1b) 


If the total concentration of the metal salt, 7, 1s very much larger than the total con- 
centration of the tricarboxylic acid, so that 7, may be substituted for (M**) in equa- 
tions (11), then the values of Kya and Awa are easily obtained once the values 
of K, and Ke are known. The uncertainties involved in locating Ay and A» graphi- 
cally result in uncertainties in the values of the formation constants reported in this 
paper by about 0-15 log unit. 

(C) Formation constant of uranyl-citrate complex. We have found that by titration 
in the pH region 1-9-2-5, a 1:1 uranyl-citrate complex is formed with A*~ as the 
ligand. The following equations are derived: 


[37 — (NaOH) — Ai 
K, KA H*) — 
Tn 


(A® (12a) 


(12b) 


Inasmuch as the |: | uranyl-citrate complex has been postulated to be a dimer and a 
monomer by NeuMAN ef and by HetrNer and respectively, 
we propose the following equations 


X 
gf 
Tm = (M**) + (MA~) 2(Me2Ae?-) (13) 
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(MA~) + 2(Me2Aoe*-) 
Tm 
= (15) 
Combination of equations (3a), (13), (14) and (15) gives 


(14) 


Kua + 2(1 — A)Tm(A) (16) 

(1 — 
Equation (16) shows that if MA and MeAe complexes both exist in solution, a plot 
of i/(1 — AA) vs. 2(1 — )T(A) should yield a straight line, the intercept of which 
is Kya and the slope is Koso. If the intercept of the linear plot is zero, only the 
dimer exists and the slope gives the value of Kmeas. On the other hand, if the value 
of i/(1 — AA) is constant, independent of variations in the value of 2(1 — #)Tm(A), 
then only the monomer exists and the value of #/(1 — #)(A) is equal to Kya. 

(D) Indirect polarographic method for Co(Il)- and Mg(Il)-citrate complexes. In 
essence the half-wave potentials of solution (i) and solution (ii) are determined: 
Solution (i) consisting of 5-00 « 10-* M Cd(NOs)e, 0-05 M sodium citrate; solution 
(ii) has the same composition as (i), except that it also contains 0-0495 M M(NOs)2 
where M = Co(II) or Mg(II). The first polarographic waves in both solutions are 
due to the reduction of the cadmium ion, and therefore the dropping mercury electrode 
reactions in both are reversible. These half-wave potentials for solutions (i) and (ii) 
are related by the equation’®® 

— 0-030 log (A) /(A) ai (17) 


where (A) is the concentration of free citrate, and (A)«) may be taken to be 00495 M. 

The value of (A)qi) is easily calculated from equation (17). The values of Kcaa and 

Keana are taken from experiments described in Section (B), from which the concen- 

trations of CdA and CdHA can be obtained. The total concentrations of citric acid 
and metal in solution are given by the equations 

T = (A*-) (CdA~) (CdHA) (MA~) + (MHA) (HA*>) 
(HeA~) + (HsA) (17a) 
Tm = (M®*) (MA~-) + (MHA) (17b) 


TABLE 1.—pH RESULTS OF SOME METAL COMPLEXES (25°, » = 0°15) 


Log Kua | Log Kua 
Complex Log K Log K 
omple Og Ama O§ AMHA Kuua | (as reported in lit.) 


Citrate* 
MniI1) 2: 1-59 
Cdl) 3-9 1-70 
Znill) | 1-89 
Nill) > 1-92 
Tricarballylatet 
| 1-14 
Magill) | 0-91 1-09 


Citric acid: pK, = 2°94, pKe = 4:34, pK3 = 5-62. 
+ Tricarballylic acid: pK, 3:50, pKe = 4°63, pKs = 5-95. 
t Value obtained by extrapolation to infinite dilution. 
(9) J. S. WiperG, Arch. Biochem. Biophys. 73, 337 (1958). 
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The ratio of Kuua/Kma is taken to be equal to the ratio Keaua/Keaa, so that the 
concentration ratio (MHA)/(MA) is easily obtained. Since the concentrations of 
HA*~, HeA~ and HsA are known in terms of (A®*~), pH and dissociation constants of 
citric acid, the values of (MA~) and (MHA) in equation (17a) and (M2*) in equation 
(17b), and hence Kya and Kyra can be calculated. 


RESULTS 


The acid dissociation constants of citric and tricarballylic acids and the formation 
constants of the metal complexes, determined in the manner described in Section (B) 
together with the values available in the literature, are summarized in Table | 


TABLE 2.—POLAROGRAPHIC RESULTS FOR AND COMPLEXES 
0-658) 


In solution (ii) 


M(NOs)e Ey (MA) | (MHA) 10 | log Kuna 
Coll 0-600 | 5:57 0-58 0-0472 1-1 0-06 3 3-19 
Maill) 0-627 6°86 4°63 0-0445 0-09 1-60 


TABLE 3.—TITRATION OF URANYL NITRATE—CITRIC ACID MIXTURES (25°) 


(a) 50 ml solution containing 0-0100 M UOe(NOs)e; 0-0100 M HCI; 
0-0100 M citric acid; 0-110 M NaCl; plus vp ml 0-2986 M NaOH 


2T (1 ji) 
v(ml) log 
lol, 


0-00 

1-00 0-197 0-12 
2:00 0-313 0-19 
3-00 21 0-456 0-24 
4-00 33 0-606 0:26 
4°50 2-40 0-622 0-31 


(b) Same as above, except using 0-0200 M citric acid in the initial soln. 


1-81 
1-91 0-235 0-16 8-46 
2-01 0-356 0-22 8-49 
0-473 0-34 8-43 
0-544 0-38 8-43 
0-613 0-41 8-43 
0-757 0:46 8-47 
| 0-890 0-49 | 8-50 


(c) 50 ml soln. containing 0-0400 M UO2(NOs)2; 0-:0400 M HCI; 0-0500 M citric acid; 
plus v ml 1-2970 M NaOH 


8-76 
8-51 
8-05 
7-52 


n l 
(1 — a) (A®~) 
19/60 
8-50 
8-50 
8-57 
8-63 
8-56 
000 | 
1-00 
2:00 
3-00 
3-50 
400 | 
5-00 
6-00 
0-00 1:37 | | | 
3-00 189 | | 0-392 | 0-80 8-57 
3-85 201 | | | 1-02 | 8-61 
5-00 223 | 0-771 1-49 8-58 
| 5-80 248 } 0923 | 1-67 | 8-60 
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The results on the Co(I1)- and Mg(II)-citrate complexes, using the indirect polaro- 
graphic method described in Section (D), are summarized in Table 2. Table 3 lists 
the results obtained with the pH titration of uranyl-citric acid mixtures. The values 
of pA and fi were calculated by means of equations (12a) and (12b), respectively. 


DISCUSSION 

From the data in Table | it is interesting to note for the citrate complexes that 
the value of Kua/AKuua varies from 10! to 10!**,and that the ratio increases as 
the MA complex becomes more stable. The higher stability of the citrate over the 
tricarballylate complexes is as expected, because of the presence of the OH group in 
citric acid. 

The formation constants of the Co(II) and Mg(II) complexes of citrate, obtained by 
an indirect polarographic method and listed in Table 2, are in fair agreement with values 
reported in the literature:'-! log Keout-citrate = 4°61; log Kug-citrate = 3-25. 

Since the Co(II) and Mg complexes cannot be studied by means of the direct con- 
ventional polarographic method the demonstration of the validity of an indirect 
polarographic method for the measurement of such complexes may be of considerable 
usefulness. None of the formation constants of the “hydrogen complexes” listed in 
Tables 1 and 2 has been reported in the literature. 

Curves 3 and 4 of Fig. | give the titration of uranyl nitrate-citric acid systems for 
1: | and 1: 2 mixtures, respectively. The first inflexion point in curve 3 is accounted 
for by assuming complete neutralization of the three carboxylic hydrogens in citric 
acid in the formation of UQzs Cit~ chelate and the hydrochloric acid present in the 
uranyl nitrate stock solution. Comparison of curve 4 with curve 3 and with curve 1, 
which is the titration curve of citric acid by itself in the absence of uranyl nitrate, 
shows that the data of curve 4 correspond to the titration of curve 3 plus onefold 
excess citric acid. This indicates strongly that the uranyl ion does not form a 1:2 
complex with citrate. 

From Table 3 it is seen that in the pH region | -9-2-5, log#/(1 — #)( A*~) remains essen- 
tially constant in spite of a fourteenfold variation in the values of 27,(1 — fi) (A*>). 
Such constancy indicates, from equation (16), that only the monomer exists. The 
average value of log Ku is calculated to be 8-5. The titration data above pH 2-5 
were not used in the calculation because of the well-known tendency of uranyl to 
undergo hydrolysis at higher pH. HettNer and Bosre_sky"? report for uranyl citrate: 
log Ama = 3-16, whereas Hetpr‘®’ reports for uranyl-oxalate: log Kya = 5-82. It 
would seem that our value of log Ky for uranyl-citrate complex is more reasonable, 
inasmuch as the citrate anion is expected to exert a greater affinity for a divalent 
metal cation than the oxalate anion. 

It must be mentioned that in our calculations we have used the assumption'*’ 
that (H*) equals approximately to 10-?". If for citric acid one uses an approximate 
activity coefficient of 0-8 for H* at » = 0-15, so that (H*) equals approximately 
10-P# 8 and the dissociation constant equals approximately 10-°* /°-8!, the values of 
log A/(1 — AX A*) in Table 3 still remain essentially constant. The average value 
of log Kya now becomes 8-6. 

Acknowledgement—The authors are indebted to Professor G. SCHWARZENBACH of the Eidg. Tech- 
nischen Hochschule, Ziirich, Switzerland, for helpful discussions regarding uranyl-citrate complex. 
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EXTRACTION FROM SOLUTIONS OF 
PERCHLORIC ACID BY TRIBUTYLPHOSPHATE—I 


PARTITION COEFFICIENTS FOR ZIRCONIUM, THORIUM, CERIUM, 
PROMETHIUM AND YTTRIUM 
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Abstract—Zirconium, thorium, cerium, promethium and yttrium are well extracted by TBP from 
concentrated solutions of perchloric acid. Partition coefficients increase steadily with increasing 
acid concentration, except at low acidities. Thorium is better extracted than zirconium and the ratio 
of partition coefficients is constant at all acidities. Cerium and promethium have the same partition 
coefficient, and the coefficient for yttrium is somewhat smaller. 


Two factors seem to be most important for the partition of inorganic salts between 
water and organic solvents. These are: 

|. The difference in solvation free energies in water and the organic solvent for 
both cation and anion. 

2. The complex-forming tendency of the anion. The difference between the solva- 


tion free energies of an ion in two solvents of different dielectric constant has been 
treated by Byerrum."'’ The following conclusion, as applied to the extraction of ions 
may be drawn from his results: the extraction into the organic phase increases with 
decreasing charge and increasing radius of ion. Although this theory is somewhat 
oversimplified, nevertheless it should be qualitatively true, particularly for anions. 
Considering only solvation free energies we may conclude that perchlorates should 
be capable of being well extracted, since ClO,4~ is a large ion with small charge. A 
second factor favouring the extraction of perchlorates from concentrated solutions 
of perchloric acid might be the high activity of the salts in such solutions. Owing to 
this high activity the overall free energy change for transfer of the salt from solution 
in perchloric acid to the organic phase may be highly negative, and as a consequence 
extraction may be good. On the other hand, the complex-forming tendency of per- 
chlorates is very small and as the ability to form extractable complexes greatly favours 
the extraction, small partition coefficients would be expected. Summing up: the 
extraction of perchlorates should be rather small at low acidities but large at high 
acid concentrations. This conclusion seemed to be confirmed only by the work of 
MursBacu and McVey, as in other works®~® on the extraction of perchlorates high 
©) N, Byerrum and E. Larsson, Z. Phys. Chem. A 127, 358 (1927); N. Bserrum and E. Jozerowicz, 
Z. Phys. Chem. A 159, 194 (1932) 
EB. W. Murpacu and W. H. McVey, LRL Report-115 (1954). 
(3) P. C. Yates, R. LarRan, R. E. Wittiams and T. E. Moore, J. Amer. Chem. Soc. 75, 2212 (1953). 
(4) W. Lipus, M. Srexrerska and Z. Lisus, Roczniki Chem. 31, 1293 (1957) 
(5) M. Branica and E. Bona, Proceedings of Second International Conference on the Peaceful Uses of Atomic 


Energy, Geneva, 1958, P/2412 
B. SHevrcnenko, I. W. and A. S. J. Inorg. Chem. U.S.S.R. 3, 225 (1958) 
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HCIO, concentrations were not employed. To verify the conclusions concerning the 
extraction of perchlorates, and to gather more information about the dependence of 
extraction on the acid concentration, partition coefficients for Zr, Th, Pm, Y and 
Ce!!! have been determined in solutions of various HClO, concentrations. The organic 
solvent employed was tributylphosphate (TBP) and in the case of zirconium TBP and 


hexone. 


EXPERIMENTAL 


Reagents 

The following radioactive indicators were used: *°Zr, *'Y, '*?Pm. *°Zr was separated from 
its daughter *°Nb by the method described by HurrMan and Beaurart.'”) 

The solutions of Zr, Ce and Y carriers were prepared by evaporating the nitrates with perchloric 
acid, and dissolving in the appropriate amount of HCIO,. 

TBP was purified by the method described by ALCocK ef a/.'*) Hexone was purified by distillation. 
HCIO, used was AnalaR grade. 


Partition measurements 

Partition coefficients k = conc.(org) conc.aq) were determined by shaking 15 ml of each phase 
together for approximately 20 min, centrifuging and separating the phases for analysis. The solutions 
were not thermostated, but the temperature was fairly constant at 21-25 C. 

In all experiments with radioactive indicators inactive carriers were added to make the con- 
centration 0-00068 M. For promethium cerium carrier was used. In the case of thorium the solution 
employed was 0-1025 M. 

Activity measurements on both phases were carried out with a liquid counter. The results were 
corrected for liquid density. In the case of cerium, activity measurements were carried out after the 
equilibrium between }**Ce and its daughter '**Pr had been established. 

Thorium was determined gravimetrically as ThOs. 

The concentration of perchloric acid in both phases was determined potentiometrically (in the 
TBP phase after addition of ethyl alcohol). In the case of thorium-containing samples, results were 
corrected for the number of OH~ equivalents used up in thorium hydroxide precipitation. It was 
assumed, that four OH~ ions are used up for each Th** ion. 


RESULTS AND DISCUSSION 
Effect of varying the HClO, concentration 


The partition coefficients for zirconium, thorium, cerium, promethium and 
yttrium are shown in Table | and plotted logarithmically in Fig. |. (The data for 
cerium are not shown in Fig. | for the sake of clarity.) The concentration of HCIO, 
indicated is that of the aqueous phase after equilibrium between two phases has been 
established. 

The following conclusions may be drawn from the experimental results: 

High partition coefficients for all tri- and tetravalent cations are obtained at high 
acidities. The largest experimentally determined partition coefficient is that for 
zirconium kz, ~ 5000 at 9-27 M HCIO,. But from the shape of the curves in Fig. | 
it may be inferred that much higher values, particularly for thorium, can be obtained. 
This result confirms the assumption made in the introduction as to the good partition 
of perchlorates from concentrated solutions of HCIO,. 

The curves representing the dependence of log k on HCIO, concentration are very 


(7) E. H. HuremMan and L. Beaurarr, J. Amer. Chem. Soc. 71, 3179 (1949) 
*) K. Atcock, S. S. Grimiey, T. V. Heary, J. Kennepy and H. A. C. McKay, Trans. Faraday Sox 
52, 39 (1956). 
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steep. In the case of zirconium the partition coefficient increases 4 x 10* times, 
when the concentration of HClO, increases from 4-59 to 8-55 M_ The shapes of the 
curves at higher HClO, concentrations are similar for all tri- and tetravalent cations, 
but the slope is higher for tetravalent. This is in qualitative agreement with the fact, 
that the co-ordination number with respect to ClO,” ions should be higher for tetra- 
valent cations. 


oef finent 


4 5 
M HCLOg 


Fic. 1.—The partition coefficient as a function of HCIO, concentration. 


One of the most striking features of all curves is the absence of an inflexion, or 
a maximum in concentrated HCIO, solutions, which are observed in the case of the 
extraction from nitric acid solutions. On the other hand a minimum is observed 
for rare earths and yttrium at low HCIO, concentrations, the position of this minimum 
being independent of the nature of the extracted cation. 

The semiquantitative discussion of the shape of the curves may be best carried 
out using an equation similar to that given by HesForp and McKay'® for the case of 
the extraction from nitric acid solutions: kK = K fo(ClOg-)? yam?**{TBP]¢/ym. In this 
equation k is the partition coefficient, K the equilibrium constant, fo that part of the 
total metal in the aqueous phase which is present in the form of simple cations, 
vm and ym are mean molar activity coefficients of the salt in the aqueous and organic 
phases, terms in parenthesis denote concentrations and in square brackets denote 
activities, p and q denote the number of ClO, ions and TBP molecules attached to 
the metal in the organic phase. 


(9) E. Hesforp and H. A. C. McKay, Trans. Faraday Soc. 54, 573 (1958). 
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On the basis of this equation the absence of a maximum or an inflexion on the curve 
log k vs. HCIO, concentration indicates that the product fp (ClO,~)?y.?*" increases 
steadily with HClO, concentration. The last two terms in this product are known 
to increase with HClO, concentration because HCIO, is highly dissociated in con- 
centrated solutions, and yim should behave similarly to y. acio,. In view of the 
very steep slope of the log k curve we may assume that fo does not diminish signifi- 
cantly. It would be in accord with known slight tendency of perchlorates to form 
complexes. 

Very high partition coefficients at high HClO, concentrations indicate, that 
despite the fact that the ability to form extractable complexes greatly favours extrac- 
tion, this factor can be made up for by others. The most important, as indicated 
in the introduction, is the activity term. The activity coefficient of a micro-amount of 
a salt in a concentrated solution of HClO, should depend on the concentration in the 
same way as the activity coefficient of the HCIO,. It is well known, that the activity 
coefficient of HCIO, increases very rapidly with the concentration, and as in the above 
equation the activity coefficient appears as a high power the steep slope of the curve 
log k vs. HClO, concentration may be qualitatively explained. To obtain a more 
quantitative agreement the expression of log kzr — log y_ucio, — 2 log (TBP) was 
plotted against the logarithm of the mean HCIQ, activity. No straight line was 
obtained, probably because the activities in the organic phase were neglected. 


TABLE 2.—RATIO OF THE PARTITION COEFFICIENTS FOR Th AND Zr AS A FUNCTION OF PERCHLORIC 
ACID CONCENTRATION, SOLVENT USED—TBP 


conc. (M) °§ 5-50 6-00 


kar 


As may be seen from Fig. | and Table 2 the partition coefficient for thorium is 
higher than for zirconium and the ratio Ay»,/Azr ~ 70 is fairly constant at all acidities. 
This behaviour is quite different from that in nitric acid, where the extraction of 
zirconium is smaller than thorium at low acidities, but greater at higher acidities.'!® 
The constancy of this ratio indicates that p, g and y.™ are the same for thorium and 
zirconium, and that both ions exist in the same chemical form in the water phase at 
all acidities, probably as simple uncomplexed cations. The better extraction of thorium 
may be explained on the basis of the simple electrostatic theory. According to 
this theory the (positive) free energy change of transfer of a cation from water to a 
medium with lower dielectric constant decreases with increasing ionic radius, being 
thus lower for thorium than for zirconium. 

The ratio kce/kpm is constant over the total range of acidities and is equal to 
one (as may be readily seen from Table 1). Such behaviour should be expected in 
the case of the extraction of cerium and promethium from HCI1QO, solutions, as their 
crystal radii are very similar and they probably form only very weak complexes in 
the water phase with ClO, ions. All factors in the above equations are therefore 
identical for both cations. 

The ratio kee/ky is greater than one and increases somewhat with the HCIO, 


10) —. F. Pepparp, G. W. Mason and J. L. Mater, J. /norg. Nucl. Chem. 3, 215 (1956) 
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concentration although the shapes of the curves are similar and the difference in 
partition coefficients small. The better extraction of cerium by comparison with 
yttrlum may be explained in the same manner as in the case of thorium and zirconium. 
In the extraction from nitric acid solutions the partition coefficients are higher for 
yttrium than for cerium'!!’ because the tendency to form extractable complexes 
increases with decreasing radius. As in the case of the perchlorates this tendency is 
small for both cations, other factors such as hydration energies and activity coefficients 
play a more important role, but these latter factors seem not to differ greatly. 

It follows from the equation given by Hesford and McKay, that partition co- 
efficients should tend towards zero as the concentration of acid decreases, if the activity 
coefficients in the organic phase do not change appreciably. In the case of the tri- 
valent perchlorates investigated the partition coefficients increase somewhat when the 
concentration of HClO, decreases below about 1-7 M. The non-zero extraction at 
low HClO, concentrations deserves further investigations. 


Effect of varying the TBP concentration 

To determine g, the number of TBP molecules attached to the cation in the organic 
phase, the dependence of the partition coefficient for cerium on the TBP concentra- 
tion, at constant composition of aqueous phase, has been investigated. Benzene was 
used as a diluent for TBP, since with kerosene a third, HCIO4-rich phase appeared. 
Results are shown in Fig. 2. At very low TBP concentrations an approximately 


— 


Partition coefficent 


10 


T.BP, % 


FiG. 2.—The partition coefficient of Ce'™ as a function of TBP concentration. 
Concentration of HClO, in aqueous phase 7-78 M. 


straight line was obtained of slope 1-6. The slope of the curve decreases somewhat 
with increasing TBP concentration. This result shows clearly, that non-ideality is 
probably more marked in the system HCIO,;-TBP-diluent, than in the system 
HNO3-TBP-diluent. 


D. Scarcit, K. Atcock, J. M. Frercuer, E. Hesrorp and H. A. C. McKay, J. Inorg. Nucl. Chem 
4, 304 (1957). 
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Extraction from solutions of perchloric acid by tributylphosphate 


The influence of NaClO, and tetrabutylammonium perchlorate 
The influence of both perchlorates has been investigated only for zirconium. 
Results for NaClO, are shown in Table 3. Partition coefficients for equimolar HCIO, 


TABLE 3.—INFLUENCE OF ACIDITY ON THE EXTRACTION OF Zr. SOLVENT USED—TBP 


HCIO, conc. NaClO, conc. 
(M) (M) for mixed for equimolar 
solution HCI1O, conc. 
419 0-018 0-029 
3-87 0-035 0-10 
3:39 0-083 0-30 


concentration have been determined by interpolation of the data in Table 1. It may 
be seen from Table 3 that HCIO, is a better extracting agent for zirconium than NaClO,, 
in the range of concentrations investigated. Perhaps the activity coefficient of 
zirconium perchlorate is smaller in a mixed solution HCIO,-NaClO, than in pure 
HCIO,. 

The presence of 0-1 M tetrabutylammonium perchlorate in the TBP phase has no 
effect on the zirconium extraction from 4-58 M perchloric acid solution (equilibrium 
acid concentration). We could not also extract zirconium from 10-4M HClO, 
solution by 0-1 M tetrabutylammonium perchlorate in chloroform. This indicates, 
that anionic complexes with ClO, ions can not be formed in the TBP and chloroform 
phases. 

The influence of temperature 

The influence of temperature on the partition coefficients for zirconium and cerium 
has been investigated in the temperature range 15-30°C. Somewhat unexpectedly a 
positive value for zirconium Jkzr/At-kz,r 0-017 at 7-42 M HC1Og, and a negative 
for cerium Skee/ At-kce 0-011 at 5-95 M HC1IO,, have been obtained. 


The extraction by hexone 
The partition results for zirconium are shown in Table 4. It may be seen, that the 


TABLE 4.—EXTRACTION OF Zr FROM PERCHLORIC ACID SOLUTIONS BY HEXONE 


HCIO, 
conc. 1-15 1-46 


000077. O- 0018 0-0084 0-0096 0-022 0-034 0-048 


extraction by hexone is better than by TBP in the range of acidities investigated. 
At perchloric acid concentration of about 4 M there is complete miscibility of the 
hexone and water phases. 

Work on the extraction of tri- tetra- and hexa-valent plutonium from HClO, 
solutions by TBP is now in progress. 


Acknowledgement—The author is indebted to J. SzypLowska for assistance in the determination of 
partition coefficients. 
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TRI-n-BUTYL PHOSPHATE AS AN EXTRACTING 
AGENT FOR INORGANIC NITRATES—VII 


THE TRIVALENT ACTINIDE NITRATES 


G. F. Best, E. Hestorp and H. A. C. McKay 


Atomic Energy Research Establishment, Harwell, Didcot, Berks 
(Received 30 April 1959) 


Abstract—The trivalent actinide nitrates resemble the trivalent lanthanide nitrates in their extract- 
ability by tri-n-butyl phosphate (TBP). The resemblance is especially close for elements of the same 
ionic radius. In both series the element with a half-filled /-shell (Gd or Cm) is rather less extractable 
than might have been expected from the behaviour of its neighbours. 


THE interesting results obtained in the extraction by tri-n-butyl phosphate (TBP) 
of the trivalent rare earth nitrates" suggest the desirability of studying the trivalent 
actinides. The range of actinides which can be studied is, however, unfortunately 
limited. Americium is the first whose trivalent state is fully stable in nitric acid solution 


though plutonium (III) can be studied up to about 2-5 M HNOs, provided a trace of 
sulphamate is present to destroy nitrous acid. At the higher end, einsteinium was 
the heaviest actinide readily available to us. 


EXPERIMENTAL 


The partition coefficients were determined at 25°C by the method ‘*) previously described. The 
isotopes used were *°°Pu (with small amounts of higher isotopes), (con- 
taining 10°, °Cf by counts) and *°°E, *4°Bk was determined by means of a 8-proportional counter, 
using very thin sources, and the other isotopes by standard «-counting. 


RESULTS AND DISCUSSION 
Formulae of the TBP-solvates 


The formula Am(NOs3)3:3TBP for the principal americium species in the TBP 
phase, has been established by experiments’ in which the TBP concentration in an 
inert diluent (kerosene) was varied over the range 1-5—10°% v/v. Since all the trivalent 
lanthanide nitrates yield tri-solvates with TBP, this result makes it highly probable 
hat all the trivalent actinide nitrates do the same. 


‘) E. Hesrorp, E. Jackson and H. A. C. McKay, J. Inorg. Nucl. Chem. 9, 279 (1959). 

(2) K. Atcock, F. C. Beprorp, W. H. Harpwick and H. A. C. McKay, J. /norg. Nucl. Chem. 4, 100 
(1957). 

(3) T. V. Hearty and H. A. C. McKay, Rec. Trav. Chim, 75, 730 (1956). 
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Tri-n-buty! phosphate as an extracting agent for inorganic nitrates 


(100°, TBP throughout) 


HNOs conc Partition 
(aq.) coefficient 
(M) (org./ aq.) 
Plutonium 
0-18 0-0188 
0-30 0-0433 
0-75 0-127 
0-87 0-147 
0-88 0-152 
1-16 0-173 
1-44 0-191 
1-58 0-208 
1-61 0-209 
1:70 0-220 
1-91 0-355 
2:10 0-216 
2-12 0-224 
2-25 0-267 
2-53 0-258 
2-62 
2-68 0-292 
2:72 0-270 
Berkelium 
0-35 0-0526 
0-468 0-0755 
0-914 0-165 
2-04 0-317 
2-81 0-343 
3-94 0-410 
460 0-449 
5-18 0-449 
6°25 0-465 
6-29 0-473 
6°97 0-485 
7-67 0-507 
771 0-517 
8-85 0-562 
10-1 0-729 
10-5 0-962 
11-9 1-89 
12-7 2-38 
13-5 4-84 
15-1 10-0 


HNOs conc. Partition 

(aq.) coefficient 

(M) (org. /aq.) 

Americium 
0-550 0-073 
1:10 0-128 
1-71 0-182 
2:35 0-213 
2:70 0-227 
3-90 0-257 
4-70 0-262 
5-50 0-220 
7-65 0-192 
8-90 0-223 
10-1 0-261 
0-475 
12-7 0-642 
15-3 2-23 


Californium 


0-410 
0-890 
1-94 
2-93 
4:17 
4-79 
5-82 
6°47 
6-90 
8-07 
8-20 
9°56 
12-5 
13-1 
13-8 
15-5 


0-0872 
0-187 
0-329 
0-392 
0-488 
0-510 
0-489 
0-520 
0-544 
0-595 
0-84 
0-950 
1-51 
3-07 
5-80 
6:20 
15:1 


HNOs conc. 


| 


Partition 
(aq.) coefficient 
(M) (org. / aq.) 
Curium 
0-450 0-0486 
0-920 0-103 
2-40 0-198 
3-89 0-280 
4-96 0-249 
6°20 0-254 
7-30 0-231 
8-42 0-253 
10-1 0-407 
119 0-812 
13-7 1-97 
15-2 451 
Einsteinium 
0-330 | 0-062 
0-480 0-101 
0-830 0-186 
1-40 | 
1-72 0-323 
2-57 0-414 
3-80 0-498 
5-16 0-508 
6°22 0-508 
7-22 0-534 
7°87 | 0-611 
9-09 0-835 
10-8 1-53 
11-0 1-60 
12-1 2-90 
129 4-23 
13-6 | 6-06 
13-8 6°48 
15-2 13:2 
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PARTITION COEFFICIENT 


s 10 is 
NITRIC ACID CONCENTRATION, AQUEOUS M. 


Fic. 1.—Extraction of trivalent actinides by 100°, TBP. 
Pu, AAm, 7 Cm, OBk, « Cf, +E. 
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Fic. 2.—Partition coefficent as a function of position in the lanthanide and actinide 
series. 
Lanthanides 
Actinides 
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Tri-n-butyl phosphate as an extracting agent for inorganic nitrates 


Effect of varying the acidit, 

Our experimental results using 100°, TBP are given in the Table and in Fig. |. 
They are in satisfactory agreement with the few results to be found in the literature.'”’ 
It was not possible to obtain reliable results for plutonium (II1) above about 2-5 M 
HNOs (aqueous), even in presence of sulphamate, owing presumably to oxidation 


3 
g 


Le Ce Pr Me Pm Sm Ew Gd Te Dy Ho Er Tm Ye Le 
Fic. 3.—Partition coefficient as a function of position in the lanthanide and actinide series 
Lanthanides 
Actinides 
of plutonium; the results showed a scatter by a factor of about two in successive 
partitions and in forward and back partitions. 

In general the results are very similar to those obtained previously for the lower 
lanthanides."’’ The actual values of the partition coefficients are about the same, as 
are also the general shapes of the curves. The gradations from element to element 
with increasing atomic number are, however, less regular. A particular feature which 
may be noted is the difficulty of obtaining a good separation of the three higher 
actinides (berkelium, californium and einsteinium) at any acidity 


P. R. Gray and S. G. Tuompson, URCL-2069 (1952); D. F. Peprarn, P.R. Gray and M. M. Markus, 
ANL-WMM-989 (19537). 
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Variation of extractability with atomic number: comparison with the lanthanides 


In Figs. 2 and 3 extractability is plotted against atomic number for various condi- 
tions, with the lanthanide data’ for comparison. The latter are fairly complex, 
and their full complexity is only revealed when the whole lanthanide series is studied ; 
it would be unwise therefore to speculate too far on the basis of results for only six 
(and at most acidities only five) actinides. 

Certain features are nevertheless noteworthy. Looking first at the data at the 
higher acidities (2 6 M HNOs) we observe that the actinides are always less extract- 
able than their lanthanide homologues, and that the difference increases with increasing 
acid concentration. If however we compare actinides and lanthanides of the same ionic 
radius (which involves, approximately, shifting the actinide curves in Figs. 2 and 3 
three places to the left), then we find very similar extractabilities. Evidently, there- 
fore, the ionic radius is a major factor in determining extractability. 

We also find that curium is often less extractable than might have been expected, 
for instance in comparison with promethium, which has the same ionic radius. This 
is presumably an effect due to the 5f-shell in Cm** being half-filled; it has already 
been found that gadolinium with a half-full 4/-shell in Gd** has an anomalously low 
extractability. 

At the lower acidities (S 3 M HNOs) the extractabilities in the two series are 
generally similar, but the trends seem very different. There appears to be a minimum 
at curium, whereas among the lanthanides the highest partition coefficients are found 
in the middle of the series. 
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APPLICATION OF PHOSPHORIC ACID ESTERS TO 
THE ISOLATION OF CERTAIN trans-PLUTONIDES 
BY LIQUID-LIQUID EXTRACTION* 


D. F. Pepparp, G. W. Mason, W. J. Driscott and S. McCarty 


Argonne National Laboratory, Lernont, Illinois 
(Received 23 December 1958) 


Abstract—The use of (GO)2PO(OH) and (GO)PO(OH)s as extractants in a carrier solvent against 
an Opposing aqueous mineral acid phase in effecting certain mutual separations in the actinide 
(II) series and lanthanide (ILI) series, including Y(III), has been investigated. The separation of 
Cf (and E and Fm) from Cm (and Am) by use of a di 2-ethylhexyl phosphoric acid-HCI system and 
the separation of Cf (and E and Fm) from Y by use of a diphenyl phosphoric acid~HCl system 
have been shown to be applicable to nuclear problems on a laboratory scale. It seems likely that 
these systems could be applied even more efficiently to large-scale operations 

he separation of Bk(III) from Ce(III) by use of a di-2-ethylhexyl phosphoric acid-HC! system 
and the separation of Am(III) from Pm(III) by use of a mono 2-ethylhexy! phosphoric acid—HC! 
system have also been demonstrated. Other systems suitable for the latter separation are reported 
also. No system readily applicable to the separation of Am and Cm has been developed. 

The depressant effect of an alcohol on the extractive properties of (GO)PO(OH)s is noted, and 
the corresponding depressant effect of (GO)s3PO on the extractive properties of (GO)PO(OH)s is 
utilized in preventing interference by the latter ester in certain separations dependent upon the 
extractive actions of (GO)2PO(OH). 


Due to the profound influence of oxidation state upon the behaviour of a given 
actinide or lanthanide with respect to precipitation-carrying, ion exchange (both 
cation and anion), and liquid-liquid extraction, mutual separations, within these 
groups, which are based upon differences in states of oxidation are easily effected. 
However, of the trans-plutonides, only Am") and Bk‘?’ have been reported as existing 
in aqueous solutions in other than the plus three state of oxidation. 

Liquid-solid separations techniques have been used in the separation of Am-Cm 
mixtures, making use of the hexavalent state of Am"; and the extraction of Am(VI) 
from an aqueous phase into diethyl ether has been reported.*’ The separation 
of Bk(IV) from lanthanides (III) and actinides (III) by preferential liquid-liquid 
extraction may be accomplished with high efficiency.’ This specific technique, 
however, will not separate Bk from Ce; since the conditions favouring the tetravalent 
state of Bk also favour the tetravalent state of Ce, and Ce(IV) therefore accompanies 
Bk(IV). 


* Based on work performed under the auspices of the U.S. Atomic Energy Commission 
(18) L. B. Asprey, S. E. SrepHanou and R. A. PeNNeMAN, J. Amer. Chem. Soc. 73, 5715 (1951): 
'" M. Warp and G. A. Wetcn, J. Chem. Soc. 4038 (1954). 
(2) S$. G. THompson, B. B. CUNNINGHAM and G. T. Seasora, J. Amer. Chem. Sox 72, 2798 (1950) 
(3) S. E. SrepHanou and R. A. PeNNemMaNn, J. Amer. Chem. Soc. 74, 3701 (1952) 
‘4) D. F. Pepparp, S. W. Mowe and G. W. Mason, J. Inorg. Nucl. Chem. 4, 344 (1957). 
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Consequently, the isolation of a given trans-plutonide from other actinides and 
lanthanides accompanying it due to its mode of formation is, in general, readily 
reduced to a problem involving only the trivalent state of the elements. This problem 
has been solved with dramatic success by use of ion exchange techniques,’ but 
there exist areas in which improvement is desirable. 

For example, removal of fission-product yttrium from elements 98, 99 and 100 
is difficult, due to its relative ion-exchange elution position. This problem ts greatly 
aggravated by the fact that activity-wise the yttrium contaminant exceeds the product 
nuclides many fold. A similar problem arises in the mutual separations: Bk(III) 
from Sm(II1) and Am(IL1) from Pm(II1). In addition, for ease of processing, a separa- 
tion of elements of atomic number 97 and higher from relatively gross Cm (and Am) 
preparatory to the use of final ion exchange techniques should prove helpful 

These problems, and certain closely related ones, have been investigated from the 
point of view of liquid-liquid extraction, the study presently reported being restricted 
to extractants of the types (GO)»PO(OH) and (GO)PO(OH)s where G is an alkyl, 
aryl or mixed alkyl-aryl group. 


EXPERIMENTAL 
Sources of materials 


The n-butyl, 2-ethylhexyl and para (1, 1, 3, 3-tetramethy!l butyl) pheny! crthophosphoric acids 
were obtained as mixtures of the mono-ester and di-ester from Victor Chemical Co. and fractionated 
into purified mono-esters and di-esters as previously described,'*) except that the butyl esters were 
fractionated by use of a diethyl ether—water system. Diphenyl orthophosphoric acid was prepared 
and purified, as described previously,'’) using triphenyl phosphate obtained from Distillation Pro- 
ducts (Eastman Kodak) as starting material. Tricyclo-hexyl orthophosphate was prepared by the 
reaction of cyclo-hexanol with phosphorus oxychloride. The purified neutral ester was then hydro- 
lysed by heating with aqueous sodium hydroxide and dicyclo-hexyl orthophosphoric acid isolated 
and purified by the procedure used for the purification of di-2-ethylhexy! orthophosphoric acid. 
In all cases especial care was taken to ensure the absence of pyro esters, neutral esters and alcohols 
(or phenols). 

The f£-active nuclides 26 year '*7Pm, 285 day '**Ce, and 58 day *'Y were obtained from the 
Isotopes Division of the Oak Ridge National Laboratory. §-active 290 day “Bk; «-active 18 year 
244Cm, 20 day *°E and 3-4 hr *°4+Fm (with some accompanying 20 hr 2°5Fm); and fission-active 70 day 
2>4Cf were supplied by P. R. Fretps and A. M. FriepMAN of A.N.L. «-active 470 year **!Am was 
obtained from A.N.L. stocks. All of these nuclides were subjected to further purification cycles, using 
liquid-liquid extraction techniques, before use. 


Nomenclature 


Following the usage of Pepparpb et al/.'*) symbolic formulae in which H represents a theoretically 
ionizable hydrogen and G represents an alkyl, aryl or mixed alkyl-aryl group are used. The symbols 
B, EH, CH, O® and @ respectively represent n-butyl, 2-ethylhexyl, cyclo-hexyl, para (1, 1, 3, 3- 
tetramethyl butyl) phenyl—e.g. p-octyl phenyl, and phenyl. The symbols D and M represent di- 
and mono-, respectively. For example, HD®P represents diphenyl phosphoric acid. The two type 
solvents, (GO)ePO(OH) and (GO)PO(OH)s are represented, respectively, as HDGP and HeMGP, 
without regard to molecular complexity. 

The distribution ratio, K, of a specific nuclide is defined as the concentration of nuclide in the 
upper divided by the concentration of nuclide in the lower of two equilibrated sensibly-immiscible 


‘5) R. M. Diamonp, K. Street, Jr. and G. T. SeasorG, J. Amer. Chem. Soc. 76, 1461 (1954); S. G 
THompson, B. G. Harvey, G. R. Cuoppin and G. T. Seasora, /hbid. Soc. 76, 6229 (1954). 

(6) D. F. Pepparp, G. W. Mason, J. L. Mater and W. J. Driscoit, J. Inorg. Nucl. Chem. 4, 334 (1957). 

7) D. F. Pepparp, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 7, 231 (1958). 

*) D. F. Pepparp, G. W. Mason, W. J. Driscoit and R. J. SrroNEN J. Inorg. Nucl. Chem. 7, 276 (1958) 
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liquid phases. The effective distribution ratio, E, is defined as RK, where R is the ratio of the res- 
pective volumes of the equilibrated upper and lower phases. The separation factor, 8, is defined 
for two solutes A and B as K,/ Ky and is thus also equal to E,/En. 


Determination of distribution ratios 

In general, the distribution ratio, K, of a specific nuclide was determined as reported previously.'*-* 
However, due to the pronounced adsorption of elements 98-100 upon glass surfaces only screening 
experiments were performed in glass equipment. All final data were obtained using polyethylene 
centrifuge cones with polyethylene stoppers permitting mixing of phases by shaking. All transfers 
were made with polyethylene transfer pipettes, fabricated by heating polyethylene tubing to the 
softening point and drawing to a fine-bore tube. 

Aliquots of the separated equilibrated phases were transferred to platinum disks by means of 
micro-scale polyethylene weight burettes and the liquids evaporated by use of an induction heater 
for radiometric assay. In experiments involving both a-active Cm and fission-active Cf a correction 
for the a-activity associated with the Cf was made in determining the K for Cm. 

Unless otherwise noted, toluene was employed as the carrier diluent. All concentrations refer 
to equilibrated phases. 

TABLE 1.—SEPARATION OF Am(III) FROM Pm 
0-50 F HeMEHP-13-5 F HCL at 2 C system 
(V = 2ml, R = 10, p = 4,2 = 4, Kam = 0-030, Kp, 0-60. 
4 « 10° counts/min **!Am, 6 * 10? counts, min '*’Pm) 


Yield Am Yield Am 

Prod. (theor.) D F DF 
No. (%) (theor.) (obs.) 
350 ‘5S 10° 10° 
32:3 10° 
18-7 ~ 40 
8-6 ] ~20 


Separations testing 

In the testing of a given separations system, unless otherwise noted, a single portion of aqueous 
feed (of volume V’) was successively contacted with p individual portions of organic phase (each of 
volume RV) in polyethylene tubes, each organic phase remaining in its original tube, numbered 
consecutively from one to p, beginning with one at the feed entry tube. This portion of aqueous feed 
was then followed, in identical sequence, by (n — 1) portions of aqueous “scrub” (each of volume 
V) which was identical in composition to the aqueous feed except that it was barren of the nuclides 
to be separated. This barren scrub and the barren organic extracting solution had been pre-equili- 
brated with respect to each other previously. The m aqueous effluents from this assembly of tubes 
were numbered consecutively from one to n, beginning with one for the depleted aqueous feed. All 
transfers were made by means of polyethylene transfer pipettes. 

This multiple extraction-multiple scrub method of operation, with single introduction of feed 
has been analysed in detail by Craic.'*) The general expression which was used in calculating 
theoretical yields (Tables 1-4) is: 


Fp, n 


(p — 


(p+n En 
(1 n l 


where Fy», » is the fractional yield of a given solute reporting in the pth portion of upper phase follow- 
ing equilibration with n portions of lower phase. The corresponding expression for ®», », the frac- 
tional yield of the same solute reporting in the nth portion of lower phase following equilibration 
with the pth portion of upper phase, is readily obtained through the relation ®p », = E~'Fp, ». Various 
flow-sheet tests are summarized in Tables 1-4. 


* L. C. Craia, Analyt. Chem. 21, 85 (1949). 
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TABLE 2.—SEPARATION OF Bk(il) FROM 05 F HDEHP-0-13 F HCL system 


[V 


I ml, R 


-2,p=—4,n= 4, 


3-0, Kce = 0-15. 


2 x 10° counts/min Bk, | = 10° counts/min Ce (Counted as '4Ce + !44Pr)] 


Phase 


Org. 


Yield Bk 
(theor.) 
(%) 
54-0 
30-8 
11-0 


3-2 


DF 
(theor.) 


Yield Bk 
(obs.) 


DF 


TABLE 3.—SEPARATION OF Cf FROM Y: 1:0 F HD®P » 
Iml, R= 3,p 


(Vv 


» 


10° counts/min 2 » 


4, Ker 


12-0 F HCL system 
0-018, Ky 
10’ counts/min *'Y) 


Yield Cf 
(theor.) 
(%) 


81-0 

16°6 
2-13 
0:22 


DF 
(theor.) 


Yield Cf 
(obs.) 


TABLE 4.—MUTUAL SEPARATION OF Cf AND Cm: 0-75 F HDEHP + 0-22 F TEHP 
(IN TOLUENE)-0-25 F HCL system 


(V=1ml,R 
6 10° counts/min 54Cf, 2 x 


2p=4,n 


= 6, Ker 


4-0, Kom = 0-085. 
10’ counts / min 


Prod. 


No. 


Yield 
(theor.) 
(%) 


DF 
(theor.) 


Yield 
(obs.) 


49-3 
32:9 
12:8 

38 


$°2 > 
68 » 
8-9 » 


53-4 

31-0 

11-3 
3-3 
0-83 
0-19 


3-5 » 
5-7 


* This value obtained by a re-processing of the product. 


+ Low value presumed due to presence of “‘non-extractable’’ Cf to perhaps the extent of 0-3 per cent. 


Vol, 


144 
: 
7 No. (%) (obs.) 
19 = 108 50 2 108 
2 35 35 
: | 3 66 | ~10 2 
4 |_| 1-2 ~ § 
7 No. (obs.) 
Aq. 2:3 x 105 78 108 
2 10 x 104 17 - 108 
3 5-5 x 102 4 5 «10° 
4 29 ~1 ~10 12 
1959/¢ 
Phase 
and | DF 
prod. || (%) (obs.) 
4 104 2 « 10% 
7 Org | 2 108 34 -2« 10° 
Cf 3 102 i ~6 x 10° 
4 | 102 2 ~1 x 10? 
| 10° | 55 1 x 10% 
- 2 | 102 30 6 « 102 
Aq. 3 94 9 1 « 10 
Cm | 4 15 4 7 
4 5 2-5 4 
6 0-41 03 


Jol, 
12 


Isolation of trans-plutonides by liquid-liquid extraction 


RESULTS 
Mutual separation 


In a 20 F HD®P-12 F HNOs system the K for Cm is 0-34 and that for Am is 
0-21, the 8 being 1-6. For effective separation, R values greater than unity are em- 
ployed, and multi-stage equipment is required. This system displays the highest 8 
of those studied. 

In the corresponding system employing 12 F HCl, the K values for Cm and Am 
are, respectively, 0-014 and 0-012, 1-2. In the 1-5 F HDEHP-0-23 F HCI system 
the Cm and Am K values are, respectively, 2-1 and 1-6, 8 1-3; and in the 0-02 F 
HDO®P-0-125 F HCIO, system the K values are approximately six, 8 = 1-0. 


Separation of Am(II1) from Pm(II1) 

In both the H2MEHP-HCI and HeMO®P-HCI systems, the K for Pm exceeds 
that for Am, and the § values increase with increasing concentration of HCl, 
in the concentrated HCI region. Consequently, the best separations have been 
achieved at reduced temperatures, since higher concentrations of HCI can thereby 
be maintained. For example, in the 0-90 F HeMO@P-12 F HCI system (25°C) the 
respective K values for Pm and Am are 2-7 and 0-34, 8 = 8-0. In the 0-35 F HeMO®P 
-14-1 F HCI system (23°C) the K values are 1-55 and 0-074, 8 = 21, while in the same 
system at 2°C the K values are 1-50 and 0-050, 8 = 30. 

In the HeMO@P (in toluene)-HCI systems, severe phase disengagement diffi- 
culties are experienced. These difficulties are eliminated by substituting for the 
toluene diluent a diluent composed of 90 parts (by volume) of toluene and 10 parts 
of n-butyl alcohol. Within experimental error the K values, and therefore the 8 
values, appear to be unaffected. The 8 remains unchanged, but the K values are 
slightly decreased by using 20 parts of n-butyl alcohol to 80 parts of toluene. 

In the 0-50 F HeMEHP-13-5 F HCI system (2°C), the K values for Pm and 
Am are 0-60 and 0-030 respectively, 8 = 20. Although this 8 compares unfavourably 
with the 8 = 30 for the 0-35 F HzMO@®P-14-1 F HCI system (2°C), the system 
deserves consideration due to the physical ease of manipulation, no difficulties in 
phase disengagement being encountered. (See Table |.) 

In the systems involving a (GO)zPO(OH) type of solvent only the 20 F HD®P- 
12-0 F HCI system (23°C) seems applicable to separations problems, the K values for 
Pm and Am being respectively 0-14 and 0-012, 8 = 12. In various systems involving 
other examples of (GO)2PO(OH), 8 values varying from eleven to eighteen are 
obtained, but the K for Pm is too small to permit ready extraction of the more ex- 
tractable element. 


Separation of Bk(IIl) from Ce(II1) 

None of the systems investigated has proved outstandingly successful in effecting 
this separation. However, the 0-5 F HDEHP-0-13 F HC! system is usable, the K 
values for Bk(II1) and Ce(III), respectively, being 3-0 and 0-15, 8 = 20. (See Table 2.) 
In the various HDO®P-HC] systems the 8 values are below five. 


Extraction of from ECD) and Fm(IL) 


In the 1-0 F HD®P-12-0 F HCI system the respective K values for Y and Cf 
are 7-0 and 0-018, 8 = 388. Although the corresponding K values for E and Fm are 
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not known precisely, they are certainly less than 0-1, so that for each of these elements 
the 8 with respect to Y is seventy or greater. (See Table 3.) In the system, 0-40 F 
HDCHP-0-25 F HCl, the respective K values for Y and Cf are 10-2 and 0-25, 
8 = 40; while in the various HDBP-HCI and HDEHP-HCI systems the § values 
range from twelve to twenty-five with Y invariably extracting better than Cf. 


Separation of Cf (and E and Fm) from Cm (and Am) 

No (GO)PO(OH)2-mineral acid systems tested were found to be of value for 
this separation. Of the (GO)2PO(OH)-mineral acid systems investigated, only those 
operating at low or moderate concentrations of mineral acid were effective, and it 
appears to matter little whether the acid is HCl, HClOs, or HNO3. However, for 
ease of integrating this extraction technique with the techniques of ion exchange 
the HCI systems seem preferable. 

In the 0-075 F HDO®P-0-60 F HCI system the respective AK values for Cf and 
Cm are 5-0 and 0-90, 8 = 5-5. The corresponding values in the 0-20 F HD®P-2-0 
F HCl system are 6-5 and 0-80, 8 = 8-1. In the 0-40 F HDCHP-0-25 F HCl system 
the K values for Cf and Cm are respectively 0-25 and 0-010, 8 = 25. The correspond- 
ing values in the 0:25 F HDBP-0-25 F HCI system are 10-2 and 0-29, 8 = 35. The 
most promising of those investigated is the 0-75 F HDEHP - 0-22 F TEHP (toluene) 

0-25 F HCI system in which the K values are 4-0 for Cf and 0-085 for Cm, 8 = 47, 
the purpose of the TEHP, tri 2-ethylhexyl ortho phosphate, being to prevent inter- 
ference by H2MEHP as explained in the Discussion. (See Table 4.) 

In each of the foregoing systems, the K for Am(III) is less than the K for Cm. 


DISCUSSION 

The K values for the extraction of Pm(III) and Am(III) into dilute solutions of 
HeMEHP (or HoMO@P) in toluene from dilute aqueous solutions of HCI or HCIO, 
have been shown to be directly first-power dependent upon the formality of the 
extractant in the toluene phase and inversely third-power dependent upon the 
formality of hydrogen ion in the aqueous phase.'*’ These two extractants have been 
shown to be highly polymeric,’ and the extraction mechanism has been postulated,"*’ 
for the general case, as: 


it being understood that (H2MGP), contains an undetermined number of water 
molecules and that x may represent an average. (The subscripts A and O refer to 
equilibrated aqueous and organic phases respectively.) 

In systems involving HeMGP concentrations beyond 0-5 F and/or mineral acid con- 
centrations beyond 2 F, the power dependencies depart from those noted above, and 
differences in lanthanide vs. actinide behaviour become more pronounced. For example, 
in a plot of log K vs. F HCI (fixed F of HeMEHP) the lanthanides (La, Pm, .. .) display 
pronounced minima, whereas the minima for the actinides (Am, Cm) are shallow." 
Consequently, since the K for Pm lies above that for Am(III), the 8 for the extraction of 
Pm with respect to Am(II1) increases with increasing concentration of HClin the region 
of high concentration. In these systems utilizing high concentrations of HCI, the opera- 
tional solvent dependency is approximately first power.'!® 
(1°) F. Peprparp, G. W. Mason and R. J. Sironen, J. nore. Nucl. Chem. 10, 147 (1959) 
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The phase disengagement difficulties experienced in the use of HDO®P-HCI 
(conc.) systems are eliminated by substitution of n-butyl alcohol for a small portion 
of the toluene. However, if an alcohol is used as the sole carrier diluent, the K values 
for both Pm and Am are depressed to such an extent that the system is unusable. For 
example, in the 0:35 F HeaMO@P (2-ethylhexyl alcohol diluent)-14-1 F HCI (2°C) 
system the K for Pm is 0-005, to be compared with |-5 in the corresponding system 
using toluene as diluent. 

A similar anti-synergistic effect has been reported in a study of the extraction of 
Npi(IV) and U(VI) from aqueous HeSO, into a solution of HeMEHP in toluene 
containing (n-CsHgO)3PO."" This anti-synergistic effect, presumably due to inter- 
action of the HeMGP with the alcohol or ester, is being investigated further and 
will be reported in detail elsewhere. 

The mechanism of extraction in the 2 F HD®P-12 F HCI system has not been 
elucidated, although it has been established that the operational solvent dependency 
for the extraction of Pm, Am, Cf, and Y approximates third power. It has also been 
established that the § values for the Pm—Am separation and the Y—Cf separation are 
larger in the systems employing 12 F HCl than in those employing 8 F HCI 

It is interesting to note that substitution of 12 F HNOgs for 12 F HCl in the fore- 
going systems results in lowering the 8 value for Pm with respect to Am from twelve to 
two, the respective K values for Pm and Am being 0-40 and 0-21 in the 2 F HD®P-i2 F 
HNOs system. However, in this HNO3-HD@P system the 8 value for the separation 
of Cm from Am is 1-6 as compared with a 8 value of 1-2 in the corresponding HC! 

HD@P system 
A detailed study of the extraction of various actinides (III) and lanthanides (III) 


by HD®P from various aqueous mineral acid phases is in progress. It has been 
established that at low concentrations of HD®P and mineral acids the solvent and 
acid dependencies resemble those displayed by HDEHP and HDO@P, as reported 
previously." However, a number of points of difference remain to be reconciled 

Extraction of Am(III) and Pm in the HDEHP-HCI system, in the dilute solvent 
and dilute mineral acid range, has been shown'*’ to be consistent with the following 
postulated mechanism: 


M,°* 3 HDEHP). M[H(DEHP)»}s 


26 

Although the extraction behaviour of Ce(II]) and Bk(IIT) in this system has not been 
investigated in detail, it has been shown that the predicted solvent and acid depen- 
dencies are essentially correct. Consequently, the exact conditions chosen for effecting 
the Bk(II1)-Ce(IIl) separation may be varied over a considerable range with confi- 
dence. It is of interest to note that the 8 for the separation of Bk(IIL) from Sm(II1) 
in this system is approximately 0-4 (Sm extracting the better), although this fact 
is of little practical importance, since the Bk([V)-Sm(II1) separation ts readily accom- 
plished by use of a HDEHP-HNOs system reported previously.” 

In the HDGP-HCI systems reported for the Cf-Cm separation it ts assumed that the 
mechanism of extraction is similar to that indicated in the preceding discussion. The 8 
value of forty-seven (respective K values 4-0 and 0-085 for Cf and Cm) found for the 0-75 
F HDEHP + 0-22 F TEHP (toluene)-0-25 F HCI system makes this an attractive system 
even for small-scale nuclear separations in which multiple extraction with multiple scrub- 
bing is not a simple technique, since only a few stages are, in general, required 
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In this system, the TEHP does not enhance K values or the 8 value but does 
prevent interference by any H2MEHP which might be formed from the HDEHP by 
hydrolysis. Conversion of only a few per cent of the HDEHP into HeMEHP 
results in a solvent with very poor discriminating properties, the K for Cm approaching 
that for Cf. Through anti-synergistic interaction the TEHP inactivates the HoMEHP 
without appreciably affecting the action of HDEHP. Since some hydrolysis is likely 
to occur in a high intensity radiation field, such a precautionary measure is desirable. 

The value of selected examples of the systems discussed, in the field of separations 
chemistry, is demonstrated in the Tables pertaining to flow sheet testing. The separa- 
tion of Cf from Y contaminant (Table 3) is easily accomplished. If D.F. values in 
excess of those tabulated are required it is desirable to extract both Cf and Y into 
0-75 HDEHP (toluene) from 0-1 F HCl for the purpose of eliminating any small 
fraction of non-extractable Y. This extract is then contacted with 12 F HCI; and the 
re-extract, following contacting with toluene to remove traces of HDEHP, is treated 
as feed for the 1-0 F HD®P-12 F HCI system. 

The separation of Cf from Cm (Table 4) by use of the 0-75 F HDEHP + 0-22 F 
TEHP (toluene)-0-25 F HCI system, while not so strikingly efficient as the Cf-Y 
separation (Table 3), is sufficiently effective to make this technique a valuable adjunct 
to the technique of ion exchange. With the hope of improving upon this separation, 
i.e. devising a system with a more favourable §, a series of phosphonates are being 
synthesized for testing; since these compounds with a C—P bond should possess 
extraction characteristics differing considerably from those of the ortho phosphates 

The separation of Bk(II]) from Ce(II1), through use of the 0-5 F HDEHP-0-13 
F HC! system (Table 2) is reasonably efficient. However, this technique appears to 
offer no advantages over those involving ion exchange. 

Use of the 2-0 F HD®P-12-0 F HCl system for the separation of Am(III) from 
Pm appears promising. The various H2eMGP-HCI systems display larger 8 values, 
but the difficulty of maintaining HCI concentrations in the 13-14 F range, and the 
inconvenience of operating at temperatures lower than room temperature make the 
systems seem less desirable. However, in certain separations problems one of these 
systems might be preferred. (See Table | for illustrative separations data.) 

The Am-Cm separation problem has not been successfully solved through study 
of these systems. It seems likely that any highly efficient liquid—liquid extraction 
separation of this pair of elements must utilize one of the oxidized states of Am. 
At present the extraction behaviour of Am(VI)"’ in various HDGP (and HeMGP) 
oxidizing mineral acid systems is being investigated. The application of such systems 
to mutual separation of Am and Cm has, to date, been defeated by the instability of 
Am(VI) in exceedingly dilute solutions. Consequently, although an Am product 
free from Cm can be obtained by such techniques, a Cm product free from Am 
cannot be. 

With the possible exception of the HzMGP-HCI systems, all of the systems 
described are amenable to counter-current operation in which products of constant 
composition are removed continuously or pseudo-continuously. In an automatic 
counter-currently operating system the § value of 12 (2-0 F HD@®P-12 F HCl at 
23°C) is sufficiently large to permit ready mutual separation of Am(III) and Pm(III). 
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Abstract—The extraction of uranium (IV) ions into a ligroin solution of dialkylpyrophosphoric acid 
rom aqueous sulphuric acid solution has been investigated. It has been established that the extractable 
species is a complexcompound defined by formula U(R2HP2O-),. It may be considered as an addition 
product of two molecules of the reagent to one molecule of uranium (IV) dialkylpyrophosphate 
The uranium (IV) dialkylpyrophosphates U(ReP2O-). for R= ethyl. i-propyl, n-butyl, n-octyl were 
also isolated as green powders insoluble in water, acids and organic solvents but soluble in dialkyl- 
pyrophosphoric acid solutions. The properties of the compounds described have been explained by 
assuming that in their structure uranium occurs in co-ordination eight 


DIOCTYLPYROPHOSPHORIC acid (symbolized as OPPA) dissolved in kerosene has been 
very successfully used by LONG et al.’ for the recovery of uranium by solvent extrac- 
tion from sulphuric acid leaches of phosphate ores with a relatively small uranium 
content. The main point of their method consists in the reduction of uranyl-to 
U(IV)-ion whereby an increase of the extraction coefficient for about twenty times 
has been attained. The authors believed that the extraction proceeded under the 
formation of U(IV)-dioctylpyrophosphate with the uranium atom in a six-membered 
chelate ring, but they have not taken any further investigation in this direction. 

The present investigation has been particularly devoted to the question of the 
extractable species in the case of solvent extraction of U(IV)-ions by means of 
dialkylpyrophosphoric acids. This question should be considered as a part of a general 
problem on the co-ordination properties of uranium. Its solution is of interest (i) 
for the stereochemistry of uranium and (ii) for the estimation of the relative affinity 
of ligand atoms in complexing agents to uranium ion. 

The problem of the co-ordination chemistry of uranium has been reviewed by 
Comyns™ and a discussion on the relative affinity of the ligand oxygen atoms in 
phosphorylated reagents has been given recently by KENNEDY.’ The great majority 
of papers published up to now treat these questions only in the case of uranyl-ion. 


‘) R. S. Lona, D. A. Evuis and R. H. Bates, Proceedings of the International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1955, Vol. 8, p. 77. United Nations, New York (1956). 

2) A, E. Comyns, The Co-ordination Chemistry of Uranium: A Critical Review, AERE C/R-2320 (1957). 

) J. Kennepy, Chem. & Ind. 950 (1958) 
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However, it has been recently established by means of X-ray analysis that the co- 
ordination polyhedron of oxygen atoms in Th(IV)-acetylacetonate is a square anti- 
prism.) Such a co-ordination apparently occurs also in U(IV)- and Ce(IV)-acetyl- 
acetonates since the isomorphism of these compounds has been proved by means of 
crystallographic and X-ray measurements.'°’ 

It is quite sure, therefore, that uranium in the U(IV)-dioctylpyrophosphate has a 
co-ordination number eight effectuated in the same co-ordination polyhedron, Le. 
square antiprism. In this case all the four phosphoryl oxygen atoms would be 
co-ordinated to uranium and a particular inner phosphatocomplex would occur 
(Fig. 2a). A proof for the existence of such a complex would be of importance in 
treating ato-complexes, especially in the actinide series. The same question has been 
previously treated in the case of lanthanides by Pepparb et a/.® For this reason the 
present investigation was undertaken with the aim to isolate the U(IV)-dialkyl- 
pyrophosphates, which were supposed by LONG ef a/.," in order to establish whether 
they really occur in organic phase in the course of extraction. 


RESULTS AND DISCUSSION 


When ethanol was added to the solution which had been obtained by extracting 
acid aqueous solution of U(IV) sulphate with an OPPA-ligroin solution, a green 
precipitate was produced. The precipitate had the composition of a pure U(IV)- 
dioctylpyrophosphate defined by formula U(Oct2P20;)2. Surprisingly, it was com- 
pletely insoluble in ligroin as well as in all common organic solvents. Consequently, 
U(LV)-dioctylpyrophosphate could not be considered as the extractable species. It 
was assumed therefore that for the solvent extraction of U(IV)-ion with OPPA an 
excess of the latter was necessary. This assumption was immediately confirmed 
since U(IV)-dioctylpyrophosphate was easily soluble in a OPPA-ligroin solution. 
Apparently, the extractable species is a ligroin soluble complex of U(IV)-dioctyl- 
pyrophosphate with OPPA. This complex dissociates in ethanol owing to the great 
solubility of OPPA in alcohol, so that insoluble U(IV)-dioctylpyrophosphate is 
precipitated. 

The solubility of dialkylpyrophosphoric acid with lower alkyls in water is suffi- 
ciently high so that U(IV) complex with diethyl- or dipropylpyrophosphoric acid in 
ligroin dissociated even in contact with water by precipitating insoluble green 
U(IV)-diethyl- or dipropylpyrophosphate. This precipitation occurred always in the 
course of extraction of an U(IV)-sulphate solution with diethyl- or dipropylpyro- 
phosphoric acid in ligroin. 

The dissolution of U(IV)-dialkylpyrophosphate in an excess of reagent follows 
a constant and well defined ratio. It has been proved that always for the dissolution 
of one mole of uranium salt two moles of dialkylpyrophosphoric acid are necessary. 
When OPPA-ligroin solution saturated with U(IV)-ions was evaporated under re- 
duced pressure, a green viscous mass remained of a defined composition for which 
formula U(OctzHP2O;), was established by analysis. This compound was easily 
soluble in ligroin producing a green solution. From this solution ethanol again pre- 
cipitated the insoluble U(1V)-dioctylpyrophosphate. 


) D. Groenic and B. Markovic, Nature, Lond. 182, 465 (1958). 
» D. Groenic and B. Markovic, Acta Cryst. In press. 
6) D. F. Pepparp, G. W. Mason, J. L. Mater and W. J. Driscort, J. Inorg. Nucl. Chem. 4, 334 (1957) 
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The same formula U(OctgHP20;), for the complex has also been obtained by 
determination of the uranium content in a saturated ligroin phase. The experiment 
was carried out with OPPA-ligroin solutions of different concentration (Fig. 1). The 
saturation concentration of U(IV)-ion in the ligroin phase is a linear function of 
the reagent concentration [OPPA]. The points which were obtained experimentally 


¥ 


20 
x 10” 
Fic. 1.—Saturation concentration of uranium (IV) in ligroin phase [U] plotted vs. con- 
centration of dioctylpyrophosphoric acid in ligroin [OPPA]. The experimental points 
lie almost exactly on a straight line with the slope of 1/4 thus proving the formation 
of complex U(OcteHP:2O;), in the solvent phase. 


by varying OPPA-content in ligroin from 0-5-2 per cent, tallied well with a straight 
line with the slope of 1/4. It is therefore beyond any doubt that the extractable 
species in solvent extraction of U(IV)-ions with dialkylpyrophosphoric acid is a 
complex with formula U(Alk2HP20;)4. 


Fic. 2.—Complexing of uranium (IV) by dialkylpyrophosphoric acid: (a) U(IV)- 
dialkylpyrophosphate monomer which has not been isolated and apparently does not 
exist; (b) Soluble complex of U(1V)-dialkylpyrophosphate with dialkylpyrophosphoric 
acid, one of possible formulae; (c) Insoluble U(IV)-dialkylpyrophosphate p>lymer. 
(A cube instead of a square antiprism for co-ordination polyhedron is drawn 
for the sake of simplicity.) 


The fact that U(1V)-dialkylpyrophosphorates are insoluble in all organic solvent) 
indicates that they have not a simple monomeric structure as given by formula (as 
in Fig. 2, but it is much more likely that they are polymers. It may be expected that 
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owing to the inner strain in the structure (a), the phosphoryl oxygens do not co- 
ordinate with their “own” uranium but enter into the co-ordination sphere of adjacent 
uranium atom, thus producing a polynuclear complex which may be depicted by for- 
mula (c) in Fig. 2. The phosphoryl oxygen bridges in this structure are sufficiently 
resistant to the action of water, acids and other solvents, but they break under the 
action of a suitable complexing agent, as for example OPPA itself, giving monomeric 
complex U(Alk2HP20;), soluble in lingroin. 

With the assumption of a co-ordination number eight for uranium, several different 
formulae can be written down for this complex. In Fig. 2, one of these is shown 
(b) in which the hydrogen atoms bridge over the ligand oxygen atoms. The choice of 
this formula is entirely arbitrary and it is not insisted in any way upon it. For the sake 
of simplicity a cube instead of a square antiprism has been drawn as co-ordination 
polyhedron for uranium in the formulae (a)-(c), since it is not essential for the 
present discussion. 

The stability of the complex U(Alk,HP,O,), is very low since the addition of al- 
cohol to its ligroin solution precipitates immediately polymeric U(IV)-dialkylpyro- 
phosphate. The solvation energy of dialkylpyrophosphoric acid in alcohol exceedes 
therefore the energy of formation of the complex from nonsolvated acid (as it is in 
ligroin) with U(IV)-dialkylpyrophosphate. Besides the energy is gained by the 
polymerization over phosphoryl-oxygen bridges so that insoluble polymeric U(1V)- 
dialkylpyrophosphate is the most stable species. This conclusion is also supported 
by the reaction 


U(ReHP20;)4 — 2 U(ReP2O7)o + 4 H* (I) 


which occurred always by prolonged contact of the uranium saturated ligroin phase 
with an aqueous solution of U(SO,4)e. This reaction was taken into account in the 
course of the determination of the ratio given in Fig. | by limiting the duration of 
of the contact between the ligroin and the aqueous phase. 


EXPERIMENTAL 


Preparation of the reagents. Tetravalent uranium was used in the form of uranium (IV) sulphate 
solutions which were always prepared before experiment by dissolving tetrahydrated salt in diluted 
(S—15 per cent) sulphuric acid. Water, redistilled in nitrogen atmosphere, was used. Uranium (IV) 
sulphate tetrahydrate was obtained by cathode reduction of analytical grade uranyl sulphate. 

OPPA solution in ligroin (b.p. 80-110°C) were prepared according to the instruction given 
by Lone et al.) To a suspension of reagent grade phosphorus pentoxide (0-1 mole) in ligroin 
(100 ml)/n-octanol 0-2 mole) was slowly added under reflux. The solution was then heated for half an 
hour at 70°C, diluted with ligroin to the necessary concentration of the reagent (usually to 2 per cent), 
and filtered in order to remove the slight impurities originated from phosphorus pentoxide. Ligroin 
solutions of diethyl-, di-i-propyl- and di-n-butylpyrophosphoric acid were prepared in the same way. 

The OPPA-solution prepared in the manner described above contained a little octanol which by 
itself acts as an extractant. For this reason, octanol was removed from the reagent before it was used 
for the experiment on the determination of U**—OPPA ratio in the extractable species. For this 
purpose, the original solution was evaporated, under reduced pressure (16 mm), the traces of octanol 
distilled off in vacuo (0-5 mm) at 70°C. The syrupy residue which did not contain free octanol any 
more, was again dissolved in ligroin to the proper concentration. 

Analytical. For the uranium determination the sample of dialkylpyrophosphate was decomposed 
by sodium hydroxide solution (10°,), uranium (TV) oxide filtered off, washed with hot water and 
dissolved in diluted (30 per cent) nitric acid. The solution was neutralized with ammonia (10 per cent) 
uranyl-ion precipitated with oxine solution, the precipitate ignited to UsOxs and weighed. 
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For the analysis of phosphorus the sample was decomposed by using Carius method, phosphoric 
acid separated by precipitation with ammonium molybdate and then determined gravimetrically 
aS MgeP20-;. Carbon and hydrogen were determined by micro-combustion. 

The concentration of uranium (IV) sulphate solutions was determined by titration with potassium 
permanganate solution. 

Uranium (IV) di-n-octylpyrophosphate. A solution (50 ml) of uranium (IV) sulphate (with 1°, U 
content) and ligroin solution (5 ml) of di-n-octylpyrophosphoric acid (2 per cent) were placed in a 
separate funnel and shaken for 3 min. The liquids were separated and then ethanol (50 ml) was added 
to the intense green ligroin solution. The precipitate was filtered off, washed with ethanol and ethy! 
ether and dried at 130°C. It is a pale green powder, insoluble in water and organic solvents, indiff- 
erent to mineral acids, but easily soluble in OPPA-ligroin solution. It decomposes at about 245°C. 
(Found: U, 22-61; P, 11-72: C, 36°63; H, 6°75. Calc. for Cs2HesO14P4U: U, 22-93; P, 11-94; C, 37-00: 
H, 655°...) 

Uranium (AV ) di-i-propylpyrophosphate. A solution (100 ml) of uranium (IV) sulphate (containing 
| °.,U) in diluted sulphuric acid (10 per cent) was shaken with 10 ml of a 2 per cent benzene solution of 
di-i-propylphosphoric acid (10 ml). The pale green precipitate which fell down in the aqueous phase, 
was filtered off, washed with ethanol and ethyl ether. It is insoluble in water, acids and organic 
solvents but soluble in the excess of the reagent. It decomposes at 230°C. (Found: U, 31-14; C, 19-03; 
H, 4-21°.. Cale. for Ci2zH2sOisP4U: U, 31-04; C, 18-99; H, 3-72°%.) 

Uranium (1V ) di-n-butylpyrophosphate and uranium (1V ) diethylpyrophosphate. These compounds 
were prepared in a similar way. The ethyl derivates precipitated in the course of extraction, fell down 
in the aqueous phase and was isolated as it has been described for propyl-derivate. The butyl derivate 
was separated in the same way as octyl-derivative. Both compounds are pale green powders insoluble 
in water, acids and organic solvents, but soluble in ligroin solution of the reagent or OPPA. 

Isolation and determination of the complex in ligroin phase. A solution (100 ml) of uranium (IV) 
sulphate (containing 0-2°, U) in 10 per cent sulphuric acid was extracted with 2 per cent ligroin 
solution (10 ml) of di-n-octylpyrophosphoric acid, which was liberated from free octanol as already 
described. The extraction was carried out in a separatory funnel by applying light shaking for 10 min. 
Ligroin phase, which after this time was saturated with uranium, was separated and evaporated 
under reduced pressure. The deep green residue was dried at 60°C in vacuo (0-3 mm). The product 
was a viscous mass, easily soluble in ligroin. (Found: U, 11-55°,. Calc. for CaeHr2OesPsU: 12-92°%%.) 

The existence of the compund U(OctsHP2O7), as the extractable species was proved also by 
extraction of U(SO,4)e-solutions with a higher uranium content than necessary for the saturation of 
solvent phase. The extractions were carried out with OPPA-solutions of different concentrations, 
i.e. OS, 1-0, 1-5 and 2-0 per cent approximately. The uranium (IV) sulphate solutions in 15 per cent 
sulphuric acid had concentrations from twice to tenfold than necessary for the saturation of the 
ligroin phase. The extraction was carried out by applying light rocking for 10 min. By vigorous 
shaking or under prolonged contact of the phases, after the saturation of solvent phase, the reaction 
given by (1) occurred. The results of the experiment are given in Fig. 1. The saturation was always 
reached at a ratio | : 4 of gramme atom of uranium to gramme mole of OPPA. 
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NITROSYLRUTHENIUM NITRATO COMPLEXES IN 
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Abstract—Paper chromatographic and ion exchange studies of nitrosylruthenium nitrato complexes 
in 0-1-14-5 M nitric acid have enabled the complexes to be separated into four groups in order of 
increasing complexing from the mononitrato to the pentanitrato complex, HeRuNO(NOs)s5. The 
eleven nitrato complexes which can be formulated assuming a regular octahedral arrangement around 
the hexa-co-ordinated ruthenium have been allocated to these groups. Absorption spectra and 
compositions are presented for equilibrium mixtures of the complexes in nitric acid and the successive 
formation constants for nitrato complexing of nitrosylruthenium have been calculated. Other measure- 
ments include the rates of one of the denitration reactions at 0 and 25° and the ruthenium distribu- 
tion coefficients after prolonged contact of solutions in 0-5-10 M nitric acid with an anion exchange 
resin. In contrast to other metal nitrates, tributyl phosphate extracts preferentially the tetra- and 
pentanitrato acids rather than the uncharged trinitrato complex. 


A PREVIOUS paper on nitrosylruthenium complexes") described methods of obtaining 
mixtures of the nitrato complexes and reported some of their properties. The solu- 
tions were regarded as containing a series of mononuclear aquo-hydroxy complexes 
of general formula [RuNO(NO3),(OH)3_\(H2O)o}, from which some of the lower 
nitrato members condensed to polynuclear forms. Although completely hydrolysed 
at a pH greater than 2 the complexes are stable in more concentrated acid ; accordingly 
their individual properties have been studied in 0-1-15 M nitric acid. 

Hitherto we have thought the trinitrato complex, [RuNO(NOs3)3(H2O)s], to be 
the most fully nitrated complex normally present in nitric acid solution. This belief 
was based‘! on our isolation of solids containing, on an average, three nitrato 
groups per ruthenium atom and on our failure to prepare salts from such possible 
anions as [RuNO(NQOs3)5]}*". The four species identified by distribution methods 
(solvent extraction and paper chromatography) were accordingly considered'?4-*) 
to be the tri-, di-, mono- and non-nitrato (possibly polymeric) complexes respectively. 

Our present results show that the earlier interpretation was an over-simplification. 
There is strong evidence that anionic complexes, analogous to [RuNOCIs}*~ in the 


J. M. Frercner, I. L. Jenkins, F. M. Lever, F. S. Martin, A. R. Powect and R. Topp, J. /norg. Nucl 
Chem. 1, 378 (1955) 


“) A. G. Warn, P. G. M. Brown and J. M. Fretcner, Chem. & Ind. 18 (1957) 
*) P. G. M. Brown, J. M. Frercuer, C. J. Harpy, J. Kennepy, D. Scarcitt, A. G. Warn and J. L. 


WOODHEAD, Proceedings of the Second United Nations International Conference on the Peaceful Uses of 
Atomic Energy, Geneva, 1958, Vol. 17, p. 118. United Nations, New York (1959) 
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chloro series, containing more than three nitrato groups per ruthenium atom, exist in 
nitric acid solutions even though further efforts to isolate their salts with caesium 
and with cobaltic cyclo-pentadiene have failed. The solids derived from the nitric 
acid solutions’ were obtained by evaporation under reduced pressure at room 
temperature because the complexes oxidise to ruthenium tetroxide at higher tempera- 
tures. Agents such as caustic potash, which were present during the evaporation, 
will have tended to hydrolyse such ions as [RuNO(NOs3)5/?> with the liberation of 
nitric acid during the slow concentration procedure. The glassy nature of the solids so 
produced suggests they were mixtures in which we believe that the trinitrato complex 
was probably the predominant species, and that there were also present roughly 
equivalent amounts of the lower and higher nitrato complexes. In one of several 
preparations an average of 3-25 rather than 3 nitrato groups per ruthenium atom was 
found 

There does not appear to be detectable polymer formation in aqueous solutions 
which are more than 0-2 M in HNOs and less than 10°* M in Ru. The spectra in the 
near ultra-violet of solutions within this range of concentration are very similar 
and the distribution coefficient of ruthenium between aqueous and organic phases is 
independent of the total Ru concentration. This coefficient would be expected to be 
changed by polymer formation. 

Paper chromatograms of solutions in 3-15 M HNQOs, previously aged to reach 
equilibrium, enable the complexes to be divided into four Groups 


R; value with elution by 
Group | methyl isopropyl! ketone 
(MIPK) 


R; value with elution by 
dibuty! cellosolve (DBC) 


0-2 
~0-25 0-2 
04-09 0-2 

09 


Chromatographic examination of solutions before and after ion exchange treatment 
shows that complexes in Group D are strongly adsorbed by anion exchange resins, 
and those in Groups A and B are preferentially adsorbed by cation exchange resins. 

Assuming octahedral co-ordination around a ruthenium atom the several nitrato 
complexes of (RuNO) III shown in Table | are possible with OH or HO as the other 
ligands. These can be divided into complexes which (i) have and (ii) do not have a 
nitrato group trans to the (NO) group. The trans-, or 6-position in our nomenclature, 
is unique in being most remote from the electronic disturbances caused by the nitrosy! 
group and is often occupied by a hydroxyl group in other RuNO complexes, 
e.g. and We have accordingly assumed 
that the position is occupied by -OH, rather than by H2O, when it is not occupied by a 
nitrato group. The correlation which we suggest between the hypothetical complexes 
and those we have observed is indicated in Table | 


N. A. Parpier and G. B. Boan, ZA. Neorg. Khim. 2, 1972 (1957) 
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TABLE |.—PossipLt RuNO NITRATO COMPLEXES 
| * | S st d " 
Grew ia | RuNO | Position* | uggested correlation 
| of nitrato Formula with groups found 
position 6* | complex d 
groups by chromatography 
| | | | 
Group 
A nitrato group Mononitrato | 6 [RuNO-NOs(H20),]}** A 
| Dinitrato 2-6 | B 
| Trinitrato 2-3-6 ' 
NO(NOs): 
| Trinitrato 2-4-6 | Cc 
| Tetranitrato 2-3-4-6 D 
| Pentanitrato 2-3-4-5-6 [RuNO(NOs)s}” | D 
| 
: Not a nitrato | Mononitrato | 2 | [RuNO-NOsOH(H20)s}* | A 
trat 2-3 
— 
| Dinitrato 2-4 
Trinitrato | 2-3-4 | Cc 
| Tetranitrato | 2-3-4-5 [RuNO(NOs),OH]® D 
NO 
5 2 
* Based on the arrangement Ru 
4 3 
6 
Vol, 
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(a) Stock solutions of nitrosylruthenium nitrato complexes in nitric acid 
Ru labelled solutions (~ 10-’ M in Ru) of RuNO nitrato complexes in ~ 12 M HNOs, from 

R.C.C., Amersham, were used to prepare other stock solutions of higher ruthenium concentration 

by adding to them nitrosylruthenium hydroxide, RuNO(OH)s. The mixture was refluxed in 8-14 M 

i HNOs for not less than an hour, since 30 min had been found to be insufficient for complete depoly- 
merization, and rapidly cooled to room temperature. 

' Solutions of the nitrato species at equilibrium in dilute nitric acid remain stable for long periods 
provided light and air are excluded; air causes slow oxidation to RulV polymer (the form of RulV 
common to solutions in perchloric, nitric and hydrofluoric acids) and a marked increase in absorp- 
tion over the wavelength range 330-580 mu. Absence of the polymer was assured by spectrophoto- 
metric measurements at 480 my where its molar extinction coefficient (€) differs from that of the RuNO 


nitrato complexes by a factor of about ten over a wide range of nitric acid concentration. Typica 
values of « are given in Table 2 (see also Fig. 1). 
TABLE 2,—-MOLAR EXTINCTION COEFFICIENTS AT 20 C FOR RUTHENIUM SOLUTIONS AT 
EQUILIBRIUM IN NITRIC ACID 

| = 
Complexes 330 350 370 390 410 430 450 470 480 mu 

| 

*RuNO nitrato | 142 118 96 82 72 70 74 78 67 
*RulV polymer | 1830 1630 1370 1120 930 830 785 790 790 
*RuNO nitro | §34 298 137 76 6l 60 45 33 3» 


* In 3M nitric acid 
* A typical synthetic mixture made by adding nitrous acid to an equilibrium mixture of RuNO nitrato 
complexes in | M nitric acid. 
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Nitro complexes of RuNO, formed by the action of nitrous acid, can also occur in these stock 
solutions either from minor variations in their method of preparation, e.g. slow cooling after boiling, 
or from the formation of nitrous acid in situ. As they cause a marked increase in the optical density 
at wavelengths below 350 mu (Table 2), they can be detected by spectrophotometry under certain 
conditions, for instance in solutions with Ru > 10-° M in relatively low nitric acid concentrations 
Their presence is also shown by anomalous results from paper chromatography.'*) Their formation 
can be prevented by adding urea. 


—— (RuNO) Nitroto 
complexes 


WV Polymer in 
3 M HNO, (left 
hand scale 


— — (Ry NO) Nitro 
complexes in 
IM HNO, 


6 


= 
a 
5 
= 


350 400 450 
Wavelength, mz 
Fic. 1.—Absorption spectra at ~20 C of equilibrium mixtures of RuNO nitrato 


complexes (~~ 10-2 M) in nitric acid and of likely impurities (see Table 2). The curve for 
1 M HNOvg is similar to that for 0.18 M HNOs 


(b) Organic solvents 

Tributy! phosphate (TBP) was purified by steam distilling the commercial material in the presence 
of dilute sodium hydroxide, and washing it with aqueous sodium carbonate and then with water 
or 0-1 M nitric acid. The product was dried under vacuum and diluted with dry odourless kerosene 
to give solutions nominally 5, 10, 15, 20 and 30°, TBP by volume. When equilibrated with aqueous 
nitric acid, the concentration of TBP falls, for example, from 20°, to 19-5", solution. 

B.D.H. “Laboratory Reagent” methyl isopropyl ketone (MIPK) and dibutyl cellosolve (DBC) 
were used without further purification. 


(c) Distribution measurements with organic solvents 

The organic solvent was pre-equilibrated with the relevant aqueous phase. Except when other- 
wise stated, the organic and aqueous phases were stirred together for 30 sec at 0 C, centrifuged and 
analysed. There was no significant difference in the ruthenium distribution on varying the stirring 
time from 10-45 sec. The relative concentrations of ruthenium in the organic and aqueous phases 
were determined by liquid-counting of the rhodium daughter, using a y-scintillation counter fitted 
with a 20 mg/cm? lead-aluminium absorber. 


(d) Paper chromatography 
The technique was similar to that previously described‘) but to give improved resolution, small 
aliquots, usually | ul., though sometimes § ul. with solutions in dilute acid, were applied. The 
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eluting solvents, MIPK or DBC, were each conditioned with 3 M HNOs, and the DBC was centri- 
fuged after conditioning. Whatman No. | or 41 (type CRL 1!) paper was used and strips were marked 
to give | 5 cm sections, the sample being placed as a band on the bottom section. Times for 
elution to the top of the strip at about 20 C were for Whatman No. | paper about 23 and 42 min, 
and for Whatman No. 41 paper about 13 and 27 min for MIPK and DBC respectively. The 17 
sections (numbered I-17 with No. | being that on which the sample had been placed) were cut out, 
separately mounted on aluminium trays, and 8 or y counted; 8 counting, through a 6-3 mg/cm” 
aluminium absorber, was preferred with low levels of activity because of the lower background and 
higher counting rate. 


TABLE 3.—RELATIVE MOLE PERCENTAGES AT EQUILIBRIUM AT 20 C 


By solvent 
By DBC | By MIPK elution | extraction 
elution Group Group 

Group D : D 


0O-11M 
1-0 
20 
3-0* 
4-5* 
75 
7-7 to 8-0* 
9-6 
12-0 to 12-6* > 16 
14-5 14 


For DBC and MIPK elutions, values given are the average of several results 
+ 16 per cent at 100 C. 


To obtain good resolution with DBC elutions at section 3, and reproducible results in spite of 


varying laboratory humidity, the paper was dried with hot air from a hair-dryer, before the sample 
was placed cn it. The strips were eluted immediately following the addition of the sample since its 
drying on the paper before elution impairs the resolution. 

Since nitric acid at high concentration may attack the eluting solvent and the paper, the behaviour 
of such acid solutions was tested both by application to the paper at the existing acidity and also 
immediately after rapid dilution to 3 M HNOs. With DBC elution in particular, failure to reduce 
the acidity when it was above 10 M led to inconsistent results and poor resolution; dilution to 3 M 
HNOs immediately prior to their examination was therefore adopted for such solutions and was 
also frequently used for solutions in 4-10 M HNOs. Tests (Fig. 7 gives results for 25°) showed that 
equilibrium was not significantly changed by the dilution procedure provided ageing after dilution 
did not exceed a few minutes. 


(e) lon exchange resins: pretreatment and use 

Batches of 50 « diameter DeAcidite-FF resin in the Cl- form, and Zeokarb 225 resin in the Na 
form, were converted to their respective NOs~ and H* forms. For this purpose 20 g of the anion 
resins was stirred for | hr in 600 ml of a dilute solution of ammonia; the supernatant was decanted 
and the resin washed with water. It was successively stirred for periods of 1 hr with 1 M HNOs, 2M 
HNOs and 6 M HNOs (three times), and stored under dilute HNOs. The cation resin was washed 
once with water, twice with 1 M HNOs, three times with 6 M HNOs and stored under 6 M HNOs. 

To measure the adsorption of ruthenium species and to obtain the distribution coefficient the 
wet resin was washed twice with nitric acid of the appropriate concentration, centrifuged and its 
volume measured. The supernatant acid was discarded, the ruthenium solution added to the resin 
and stirred for a few minutes, and aliquots of the solution were removed through a small glass-wool 
filter at the end of the pipette and y counted. 
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I DBC elution (right hand scale) 


15% 
° II MIPK elution (left hand scale ) 


Number of strip section 


Fic. 2.—Chromatograms for RuNO nitrato complexes at equilibrium in 3 M HNOs. 
Ru. Volume applied 1 ul. 
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I DBC elution applied 
IT MIPK elution undiluted 


Il MIPK elution of solution 
diluted to O'5 M HNO; ond 
oged for 90 min at O°C 


Number of strip section 


Fic. 3.—Chromatograms for RuNO nitrato complexes at equilibrium in 7°83 M HNOs. 
5 Ru. Volume applied § zl. 
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| DBC elution (right hand scale) 


II MIPK elution (left hand scale) 
56 


2 4 6 8 10 14 16 


Number of strip section 


Fic. 4.—Chromatograms for RuNO nitrato complexes at equilibrium in 14-5 M HNOs. 
~10°* M Ru. Diluted to 3 M HNOs immediately prior to chromatography, 
Volume applied 1 yl. 
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2. SOLUTIONS AT EQUILIBRIUM IN NITRIC ACID 


(a) Composition 


rhe mole fraction of complexes belonging to the four Groups (A, B, C, D) were 
determined for solutions at equilibrium in 0-1-15 M HNOs, previously aged at 
room temperature (20 + 1°) for at least 24 hr to ensure equilibrium. Results proved 
to be independent of the total ruthenium concentration, Cru, which ranged from 


l\0~* to 10-* M : for instance, ruthenium distribution coefficients (Dau), after stirring 


solutions at equilibrium in 3 M HNOs for 30 sec at 0 with an equal volume of 30°, 
TBP, were 


10 10 
D 0-120 0-128 0-125, 0-128 0-120 


(1) By paper chromatography with dibutyl cellosolve elution (Figs. 2, 3 and 4) 


[he percentages of ruthenium on sections 3-13 (the peak has occurred on sections 
8-10) after DBC elutions have been added together to give the mole percentage of 
ruthenium present as complexes of Group D (Table 3). Chromatograms in which 


the well-defined minimum usually found on section 3 was absent, e.g. because of the 
presence of excessive moisture, have been excluded. The proportion of ruthenium 


on sections 8-13 showed a relatively large increase with the nitric acid concentration 
(from 3-5°, in 3M HNOs to 48°, in 12-14M HNOs) compared to the proportion 
on sections 3-7 (4% in 3M HNOs to 24° in 12-14M HNOs). This observation, 
together with the shape of the chromatograms, has been held to indicate that more 
than one species is present on sections 3-13. 

(ii) By paper chromatography with methyl isopropyl ketone elution. The chromato- 
grams with MIPK elution (illustrated in Figs. 2, 3, 4 and 5) have been used to obtain 
the respective mole percentages of Groups A, B, C and D (Table 3). The chromato- 
grams showed a minimum at section 3 (occasionally at section 2), a peak on sections 
4 or 5 and no pronounced maximum between sections 7 and 16. Account has been 
taken of the backward spreading of the Group D complexes from section 17: this 
is particularly noticeable (Fig. 4) where this Group predominates, as for example 
in the more concentrated nitric acid solutions. (Similar behaviour occurs with MIPK 
elution of uranyl nitrate which also appears on the solvent front.) An allowance, 
amounting to about 10°, of the value for Group D, has been made for this backward 
spreading. The ruthenium on certain intermediate sections (usually 3 and 7) has been 
divided between the groups which overlap on these sections. The ruthenium on 
sections |, 2 and part of 3 has been attributed to Group A; part of that on 3, together 
with that on 4, 5, 6 and part of 7, to Group B; that on 17 with allowance for backward 
spreading on 15 and 16, to Group D; and the remainder, that on 7-16, to Group C. 

The reproducibility of the method is exemplified by 10 chromatograms for various 
stock solutions in 3 M HNOs which have shown 31-38°, of the ruthenium in 
Group A, 29-36°, in Group B, 22-28°, in Group C and 8-10°, in Group D. 

For other classes of compounds it has been found that there is a linear relation- 
ship between log(1/R;—1) and the number (x) of a particular group present in the 
molecule or complex: application of this rule gives: 
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| Assumed number of R; value 
nitrato groups 


Complexes 


A | 0-05 obs. 

B 0-22 obs. 
0-6 obs 
0-9 calc 


D 
0-98 calc 


Abnormally high proportions of ruthenium have on occasion been found on 
section | due to the presence of RulV polymer or of incompletely depolymerized 
nitrosylruthenium hydroxide. 

(ii) By solvent extraction (Kenny-Martin plots). This method,!*) employed in 
the early stages of the present work, involved measuring the distribution coefficient of 
ruthenium under standard conditions; namely, stirring for 30 sec after pipetting small 
aliquots of the solutions under examination into a stirred mixture of nitric acid and 


Fic. S.—-Chromatograms for RuNO nitrato complexes in 7-7 M HNO». ~ 10-7 M Ru 
Volume applied | «l MIPK elution. 
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30°. TBP at 0°, the nitric acid concentration being arranged so as to bring the final 
acidity to 3 M. From the distributions, the mole percentages of the more extractable 
species were calculated by established methods‘ and are included in Table 3. The 
calculations employed assume a single value for the partition coefficient of the com- 
plexes of Group D under the conditions of extraction, which is admittedly an approxi- 
mation. Nevertheless the mole percentages of Group D found agree well with those 
from chromatography (Table 3); the divergence between the two methods for the 
mole percentages of Group C is not surprising since the boundaries of this Group are 
somewhat arbitrarily chosen. 


I Group 4 
Il Goup 8 
I Group C 
WGropD 


o 5 6 7 8 9 


HNO3 concentration, M 


Fic. 6.—Relative mole fractions of Groups A, B, C, D of RuNO nitrato complexes at 
equilibrium in nitric acid solutions at ~20'C. ~10-* to 10°? M Ru. 


Smoothed curves derived from the results in Table 3 are shown in Fig. 6. In pre- 
paring these greater weight has been placed on the values obtained by chromatography 
than by solvent extraction. The curves in Fig. 6 are based on a large number of 
results obtained by the use of improved techniques, and are considered to represent 
the composition of solutions more accurately than the values given in earlier 
papers.‘?,6 

The changes in the equilibrium composition with the nitric acid concentration 
(Fig. 6) which have been observed are primarily due, for reversible reactions of 
the type 


[Group B complex]" — NOs [Group C complex]"~! - HeO 
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to variation in the concentration of nitrate ions. That the position of equilibrium 
is independent of the hydrogen ion concentration is demonstrated by results obtained 
in nitric acid—nitrate mixtures: 


Mole percentages as Group D 
complexes for total nitrate concentration 
of 55M 


In 5-5 M HNOs 

In 3 M HNOs uranyl nitrate 

In 3 M HNOs — sodium nitrate 

In 3 M HNOs + magnesium nitrate 


From the curves in Fig. 6, formation constants. K. can be calculated by the 
expressions (omitting certain activity coefficients): 


Group Ba, Group Ca, 


tc., 


a8 Group A Cro, a8 Group B 


where dw is the water activity and Cro; the nitrate ion concentration. Values are 
given in Table 4 for the range |-14 M HNOs. Hesrorp and Mc KAY, in their analo- 
gous calculations of formation constants,'? do not include the activity of water in 
their expressions. The omission makes little difference for solutions in dilute nitric 


TABLE 4.—FORMATION CONSTANTS AT 20°C 


For complexes of 
Group B Cc D 


Cro, | 


099 7 | 0-29 (0-19) 
0-29 0-12 
0-25 0-16 
0-28 0-22 
0-24 0-26 
(0-23) 0-30 


acid. Beyond 9 M HNOs, however, without this factor a decrease in the mole per- 
centage of Group D complexes would be expected because of the fall in the nitrate 
ion concentration (Fig. 3 of Ref. 7): in practice it is found that the mole percentage 
of Group D complexes continues to increase beyond 9M HNOs (Fig. 6). This increase 
in nitrato complexing at high nitric acid concentration, which is also found for 
other elements, e.g. Pu IV, indicates that the activity of water or the activity co- 
efficients which have necessarily been omitted play an important role in this region. 

The similarity in the values of the formation constants for Group B and Group 
C complexes suggests that the favoured configurations are 


E. Hestorp and H. A. C. McKay, Trans. Faraday So. $4, 573 (1958) 
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NO NO NO 
H.O H.O | NOs HeO NOs 
H»O HeO H.O NOs 
NOs NOs NOs 
-mono -di -tri 


(Group A) (Group B) (Group C) 


since the second and third nitrato groups will both then be in positions trans to an 
aquo group. Because of the similarity of the remaining aquo group positions, it is 
to be expected that the values for Kietra and Kpenta would be approximately the 
same. If one assumes that the ratio of these formation constants is unity and that 
the Group D complexes are composed entirely of the pentanitrato and the 2-3-4-6 
tetra-nitrato complexes, it can be calculated that the respective mole percentages of 


these are: 


HNOs Mole percentages 


Ktetra and ta 


Tetra | Penta | 
| 


3M 1% 2% 0-092 


13 65 0-106 
7 22 19-5 0-114 
10 26 34 0-113 
12-5 26 4a 0-113 


The formation constants on this basis for the di-, tri-, tetra-, and penta-nitrato 
complexes in, for example, 4-5 M HNOsz at 20° are 0-25, 0-19, 0-11 and O-11 res- 
pectively. Not only do these constants follow the trend of those of the nitrato com- 
plexes of Th** and Zr* but, for the latter, even the ratios Ke/Ks3 and K3/K, are 
very similar to those of (RuNO)** (see below): 


Medium Ref. Ky Ke Ks K4 Ks | Kyi Ke Ke/Ks Ka/Ka 


(RuNO)** |4:5 M HNOs, 20 above 025 O19 O11 O11 1-32 1-72 
Th** 2M HC1Osg, 20 6 2:1 0-78 0-55 2:86 2:70 1-4] 
Zr* 4M HC10,, 20 218 O59 043 028 ~0-03 1-37 1-54 


From these results it would be reasonable to infer a value of approximately 0-9 
for Ki for RuNO*>. This implies that the contribution of the uncomplexed ions 
{[RuNO-OH}* or [RuNO}** to Group A is only significant in <1 M HNOs. 

The allocation of Group D complexes between tetra- and penta-nitrato complexes 
allows a better interpretation to be made of the chromatograms obtained with DBC 
elutions. The mole percentages calculated are consistent with a Ry value of ~ 0-3 for 


MIN and E. P. Matorova, Zh. Neorg. Khim. 1, 1703, 2749 (1956) 
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the tetranitrato complex and its appearance on sections 3-7, and a Ry value of ~ 0-6 
for the pentanitrato complex and its appearance on sections > 8, with a peak on 
sections 9 or 10. 


(b) Evidence for charged complexes (treatment with ion exchange resins) 

Both anion and cation exchange resins remove ruthenium from solutions of 
these complexes in nitric acid (distribution coefficients as a function of the time of 
contact and of the nitric acid concentration are given in a later section). Experiments 
were conducted in 3 M HNOs, i.e. under conditions such that the rapid proton dis- 
sociation from aquo groups, which occurs in very dilute nitric acid,! would be almost 
completely repressed. To ascertain the charge on the complexes of groups A, B, C 
and D, stock solutions were equilibrated with resins for times sufficiently short (3-4 
min) to avoid appreciable reproportionation of complexes between the groups as a 


TABLE 5.-COMPOSITION OF SOLUTIONS AFTER TREATMENT IN 3 M NITRIC ACID 
WITH ION EXCHANGE RESINS 


*, Ru Percentages as complexes of 


Nitric acid conc. Resin 


not sroups 
of stock soln treatment 


removed 

7RM Nil 

Anion* 

Aniont 

Cation? 

Nil 

Aniont 

Cationt 


* Equilibrated for 3 min at 0°C with 2-8 ml of solution per g resin. 

+ Equilibrated for 4min at 25°C with 3-8 ml of solution per g resin. 

+ The first of each of the two values was obtained from the same MIPK elution as provided results for 
Groups A, B and C: the second was from a separate DBC elution 


result of the removal of particular complexes. The solutions were rapidly diluted to 
a nitric acid concentration of 3M immediately before the experiments, and the 
equilibrations were carried out with relatively large volume ratios of resin to solution. 
The diluted solutions were analysed, both after equilibration with the resin and after 
standing the same length of time with no resin, by paper chromatography with MIPK 
and with DBC elutions. 

The chromatograms (Table 5) showed that 90-95°% of the complexes of Group D 
were removed by DeAcidite-FF; and that for the others, the amount removed de- 
creased in the order Group C (60°, )> Group B (40°, ) Group A (<10%). (Fig. 5.) 

The uptake of ruthenium by ZeoKarb 225, under the corresponding conditions, 
was appreciably less than for DeAcidite-FF. With the cation exchange resin the per- 
centage removed (Table 5) decreased in the order Group A > Group B > Group 
C > Group D, i.e. in the reverse order to that found with the anion exchange resin. 

From this evidence ion exchange between ZeoKarb 225 and Group D complexes 
and between DeAcidite-FF and Group A complexes would not be expected; never- 
theless calculations based on Table 5 show that some removal does occur. This is 


©) 1. L. Jenkins and A. G. W AIN, J. Inorg. Nucl. Chem. 3, 28 (1956) 
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attributed to physical adsorption which becomes significant because of the high 
volume ratio of resin to solution. 

Attempts to confirm the existence of anionic complexes by ion migration in 
aqueous solutions of 7-15 M HNOs were unsuccessful as the migration of ruthenium 
was very small. However, earlier ion migration experiments" on solutions made by 
dissolving a solid form of these nitrato complexes in acetone, diethyl ether and certain 
esters, showed the presence of anionic complexes. 


(c) Solvent extraction 

The manner in which we have defined the Group D complexes, i.e. by their R, 
value, implies that these are extracted preferentially to those of Groups A, B and C 
by a typical ketone (MIPK) and ether (DBC). Paper chromatography with TBP as 
the eluting solvent is difficult, because of its viscosity : however, ruthenium distribu- 
tion measurements carried out under similar extraction conditions (from 3 M HNO3 
at 0, by stirring equal volumes of the aqueous phase with 30%, TBP for 30 sec) 
show that Group D complexes are also extracted preferentially by this solvent. Re- 
sults for stock solutions diluted immediately prior to extraction, are: 


64 8-7 


HNOs conc. of stock solution 


Ru as Group D complexes 
(from Fig. 6) 


Ru found, after extraction, 
in org. phase | 34-6 41 66 72% 


The partition coefficients for Group D complexes must be > 1, and those for Group 
A, B and C complexes < 1, under these extraction conditions to account for these 


results. 

It has been suggested!’ from earlier experiments using relatively short times of 
stirring (5 min) that the absence of enhanced solvent extraction in the presence of 
quaternary ammonium salts implies the absence of anionic complexes. We have 
extended the stirring times and found a small but significant increase in the ruthenium 
distribution coefficients when either a quaternary ammonium salt or a tertiary amine 
is present: 


Extraction from 3 M HNOs solutions by dibutyl carbitol 


Organic phase Daw for stirring time 
Sede min Iz 120 min 240 min 
Carbitol alone 0-131 | o4ss | 063 
Carbitol + 0-1 M | 


tetraethyl ammonium | 

nitrate 0-135 0-492 0-685 
Carbitol + 0-1 M 
tri-n-octylamine 


(1) F, S. Martin and G. M. Gitties, AERE CR 973 (1952). 
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These results are interpreted to mean that organic solvents such as dibutyl carbitol 
themselves readily extract the tetranitrato and pentanitrato acids, for instance 
He{[RuNO(NOs)5], and that the enhanced extraction, which is very marked with 
uranyl nitrate, is accordingly relatively small in this case. 


(d) Absorption spectra 

The absorption spectra at 20+ 1 of mixtures of these nitrato complexes at 
equilibrium in various aqueous nitric acid concentrations are shown in Fig. |. 
A Unicam SP 500 spectrophotometer with fused silica cells was used. As the 
degree of nitrato complexing increased, there was increased absorption, in particular 
from 390 my to 520 my, together with the development of a broad band centred at 
480 mu. At any particular acidity, Beer’s law was obeyed. 


3. DISTURBANCE OF EQUILIBRIA IN AQUEOUS NITRIC ACID 
Because of the slow rates at which the nitrato complexes are converted into 
one another, relatively long times are required to re-establish equilibrium after it 
has been disturbed. 


(a) Dependence of rates of reaction on nitric acid concentration 

Stock solutions in 7-8, 11-1 and 12-2 M HNOs were diluted to either 0-5 M or to 
3 M HNOs and aged at 0° or 25°. Chromatograms (DBC elution) of samples re- 
moved during the first hour of ageing in 3 M HNOs at 0° were almost identical, 
the mole fraction of Group D complexes being within — 2°,. Other results are 
given in Fig. 7. The rate constants (4) for the disappearance of Group D complexes, 
which are first order with respect to ruthenium, are: 


Medium | Temp. k (min~') Half time (min) 
3MHNO; 0-0013 
3M HNOs ~ 0-024 

0-5 M HNOs 0-0024 


Values nearly independent of the nitric acid concentration are to be expected for 
the aquation reactions causing the disappearance of Group D complexes: 


[RuNO(NO3);H2O}- H2O - [RuNO(NOs)3(H2O)2] + NOs 
[RuNO(NOs)s}2> + 2H2O - + 2NO3 


The temperature dependence indicates an energy of activation of ~ 19,000 cal with 
a frequency factor of ~ 10%. 

The rate constant, 0-024 min~!, found in 3 M HNOs at 25 may be considered in 
relation to the value (0-04 min~!) taken from Table 4 in the paper by JENKINS and 
Waltn'!°) for similar conditions. One of the methods which they employed (ruthenium 
distribution measurements after dilution of a stock solution in 7 M HNQOs) will have 
determined the rate of disappearance of Group D complexes (rather than the trinitrato 
complex only as they believed at the time). They commented that the energy of 
activation derived from their results, 6000 cal, was abnormally low. On the other 
hand, our value and its associated frequency factor are typical of this type of reaction 
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and indicate that the earlier results, some of which were obtained by dissolution of 
the solid and some by dilution of a stock solution, are probably unreliable. 

The chromatography with MIPK elution of solutions of the complexes which had 
been aged after their nitric acid concentration had been increased from | to 7°5 M 
showed no pronounced preferential growth of a particular group of complexes. 
It is concluded from the curves in Fig. 5 that Groups A and B grow at approximately 
similar rates. The rate constants, which are first order with respect to ruthenium, 
for the reactions. 


Group A = Group B = Group C = Group D 
have therefore similar values for a particular direction. 


3MHNO, at O°C 


I] M HNO, at O°C 


3MHNO; at 25°C 


compiex, 


> 
Cc 
2 
2 
= 


300 
ime min 


Fic. 7.—Rates of denitration of Group D complexes. 


In the course of an hour the spectrophotometric absorption curve (cf. Fig. 1) of 
solutions diluted from 9 M to 1 M HNOs changed gradually over the whole range of 
wavelengths examined (330-580 my). The absorption spectra of the various com- 
plexes are too similar to allow the rates of any of the reactions to be deduced. 


(b) Adsorption on anion exchange resin 
Portions of wet resin (1-5-3-5 ml) were stirred at 25° with 20 ml of solution. 
The amount of ruthenium removed increased considerably with time up to 30 min 
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/ 


Fic. 8.—Rates of adsorption on deacidite-FF at 25 C of RuNO nitrato complexes aged 
to equilibrium in nitric acid solutions. ~10~* M Ru. 


De Acidite FF 
Resin 


4 6 8 
HNO. (M), aqueous phose 


Fic. 9.—The variation of the ruthenium distribution coefficient at 25°C with nitric 
acid concentration for adsorption by an anion exchange resin. 
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(Fig. 8) and for a solution in 8 M HNOs became constant after 90 min, but required a 
rather longer time for solutions in less concentrated nitric acid. The relatively long 
times required for equilibrium to be reached are caused by the relatively slow rates 
of the nitration reactions by which those complexes withdrawn from solution are 
replenished. 

The ruthenium distribution coefficient at equilibrium, Dy, is given by: 
activity adsorbed/ml resin °. adsorbed vol. soln. 


‘ 


Dy = > 
activity remaining/ml solution °, unadsorbed _ vol. resin 


The volume of the wet resin was measured to +5°, and the volume of interstitial 
acid calculated from the densities of the wet and dry resin. Values of Dy are plotted 
in Fig. 9, and are independent of the ruthenium concentration within the range 10°° 
to 10-7 M and also of the volume ratio of resin to solution. The curve passes through 
a maximum and its shape is similar to that found for many transition metals in acid 


solution.“ 


(c) Solvent extraction 

The times required to reach equilibrium in solvent extraction are comparable 
to those required to reach equilibrium for adsorption by anion exchange resins. 
Thus, from a solution of these complexes which had been allowed to reach equilibrium 
in 3 M HNOs, 

(i) extraction by an equal volume of 30°,, TBP at 20° gave: 


Time | OS 10 30 60 
Dru | ©0074 0-093 0-119 0-146 0-167 


and (ii) extraction by an equal volume of dibutyl carbitol at 20° gave: 


Time | 5 120 240 min 
Ru in organic phase 11-5 31 38-5°% 


The ruthenium distribution coefficients obtained by SANGsTER'!*’ by stirring with 
20% TBP at 20° until equilibrium was attained, were: 


HNOs 0-75 1-5 29 36M 


The shape of the curve relating these results is dissimilar to those for the other metal 
nitrates that have been examined (Fig. 2 of Ref. 7) in that it falls rather than rises. 
Any maximum occurs at < 0-75 M HNOs rather than in the range 4-6 M HNOs 
found for other nitrates. 


12) K. A. Kraus and F. Newson, Proceedings of the International Conference on the Peaceful Uses of Atomic 
Energy, Geneva, 1955, Vol. 7, p. 113. United Nations, New York (1956) 
D. Sancster, AERE 1533 (1954), 
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DISCUSSION 

The evidence provided by this work amplifies earlier results obtained with solutions 
of these complexes and completes the analogy between them and the chloro complexes, 
among which the anion [RuNOCI;]?- is well known. On account of the inert nature 
of the nitrato complexes, quantitative information concerning both equilibria and 
kinetics had to be obtained by methods which are inapplicable to labile ones. 

Our inferences are of interest in relation to the detailed consideration by HESFoRD 
and McKay of the extraction of nitrato complexes from aqueous solutions by TBP.‘* 
For several metals this concerns species such as [UO2NOs)2] which are uncharged 
in aqueous solution: it involves direct co-ordination of a molecule of TBP to the 
metal atom as in [UOxNOs3)(TBP)2]. Extraction by TBP of acids, for instance 
H[(UOANOs)s], which can be formed by enhanced nitrato complexing, is by com- 
parison of negligible importance for many metals, although it can be highly significant 
in extraction by ethers and ketones. 

The extraction by TBP of the nitrato complexes of nitrosylruthenium provides the 
first exception to this general behaviour. It is the Group D complexes, which we 
now recognise as consisting of the acids H[RuNO(NOs)4] and HofRuNO NQOs)s5] in an 
unionised or ionised form, that are extracted by TBP in preference to the uncharged 
complex [RuNO(NOs)3]. The extraction of these acids depends on the co-ordination 
of TBP to hydrogen atoms in the undissociated acids, which is to say that it employs 
the same mechanism as that which determines the extraction by TBP of nitric acid 
itself. Because this mechanism demands no ligand substitution on the ruthenium 
atoms the instantaneous nature of the extraction of these inert complexes is under- 
standable ; and so also is the reason why the shape of the curve relating the distribution 
coefficients of metals (for TBP extraction) to the nitric acid concentration is different 
in the case of nitrosylruthenium from the general pattern shown by other metals. 
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Abstract—The influence of the polarity of diluents on the extraction of plutonium (IV) complexes 
from nitric acid solution with tri-n-butylphosphate, di-n-butylphosphate, thenoyltrifluoroacetone, 
tetra-n-butylammoniumnitrate and methylisobutylketone has been examined. Diluents such as 
carbon tetrachloride, chloroform, benzene, cyclohexane, n-heptane, bromoform and dibromoethane 
have been used singly and in mixtures. Evidence is presented for the importance of the dipole moment 
of the diluent in the extraction process in connection both with the structure of the organic phase and 
dipole-dipole interaction promoting solvation of the Pu-complex. Maxima exist in the extraction of 
Pu-TBAN complexes to phases containing mixtures of polar diluents with non-polar diluents and 
in particular with benzene. 


Previous workers'!~*’ have drawn attention to the importance of the dipole moment 
and dielectric constant of the organic phase in connexion with extraction of metal 


complexes. The aim of the present work was to examine the influence of the polarity 
of diluents in organic phase on the extraction of tetravalent plutonium from a nitric 
acid aqueous phase. By diluent is here understood an organic substance of relatively 
simple structure, which itself is incapable of extracting plutonium to any significant 
extent. 


EXPERIMENTAL METHODS 


As polar diluent chloroform was used, or in some cases, bromoform or dibromoethane, Benzene, 
carbon tetrachloride and in some cases cyclohexane and n-heptane were used as non-polar diluents 
Using these diluents a study was made of the extraction of the relatively well known complexes of 
plutonium (IV) with the following agents: methylisobutylketone, (Hexone) tri-n-butylphosphate 
(TBP) di-n-buty!l phosphate (DBP) thenoyltrifluoroacetone (TTA) tetra-n-butylammonium nitrate 
(TBAN). Use of these agents permitted study of the influences of diluent polarity on complexes of 
different types. 

Organic solvents and complexing agents were purified by appropriate methods, with the exception 
of TTA. All other reagents were analytical grade. Plutonium (IV) nitrate was prepared in this labora- 
tory by dissolution of high-purity plutonium metal. 

Batch extractions were done with | ml organic and | ml aqueous phase, at room temperature, 
with 10 min shaking of phases in all cases, except TTA, for which the shaking time was 30 min. 
Aqueous phases were 5 x 10-6 M in Pu prior to the extraction. Extraction was done in small cylin- 
drical glass vessels, and phases separated by pipetting after standing for at least 30 min. Radiometric 
estimation of Pu was done with an «-scintillation counter after evaporation of 20 ul aliquots on glass 
supports. 


1) A. G. Gosite and A. G. Mappock, J. Inorg. Nucl. Chem. 7, 94 (1958). 

2) G. H. Morrison and H. Freiser, Solvent Extraction in Analytical Chemistry. John Wiley, New York 
(1957). 

3) M. Taupe, Proceedings of the Second International Conference on the Peaceful Uses of Atomic Energy, 
Geneva, 1958, P/1587. 
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RESULTS 
Results of extraction in various systems are shown in Figs. 1-7. The following 
type of experimental system was used: a three-component organic phase in which the 
organic phase contains a constant proportion of the complexing agent, and two 
diluents present in various proportions. 


DISCUSSION 
The extraction of plutonium by hexone falls rapidly with dilution of the 
complexing agent. From Fig. | it can be seen that the extraction of plutonium by 
hexone does not show any significant differences with regard to the diluting agents: 
chloroform, carbon tetrachloride and benzene. This insensibility to type of diluent 


Extroction Pu to organc phose, 


20 30 4 SO 6 70 8 3 900 
mole fractonsof diuents % 
Fic. 1.—Plutonium extraction from 6 M HNOs to a three component organic phase. 
Hexone — two diluents 
Hexone mole fraction: 0-39-0-43. 


was also confirmed for the following mixtures: cyclohexane/benzene, cyclohexane 

chloroform and bromoform/benzene. It can be seen that extraction is not influenced 
by the polarity of the diluent mixture, although the relatively high proportion of 
hexone in the organic phase (0-4 mole fraction), restricts the significance of the result 
and prevents full comparison with the other systems studied here. 

From Figs. 2 to 4, it can be seen that in the case of TBP, DBP and TTA the 
influence of the diluent in the organic phase is very similar. Extraction of plutonium 
to an organic phase diluted with either the non-polar carbon tetrachloride or benzene 
is almost identical, and is significantly greater than when polar chloroform is used as 
diluent. This greater extractability with non-polar diluents was also confirmed for 
the non-polar diluents: cyclohexane for TBP, and DBP; n-heptane for TBP, and 
the polar diluent, bromoform, for TBP, dibromomethane for TBP, DBP, TTA, in 
results not shown here. These additional experiments also confirmed that the ex- 


traction for a given complexing agent was identical when different non-polar diluents 
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Fic. 2.—Plutonium extraction from 6 M HNOs to a three component organic phase. 
TBP -- two diluents 
TBP mole fractions: 0-028 
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Fic. 3.—Plutonium extraction from 6 M HNOs to a three component organic phase. 
DBP + two diluents 

DBP mole fractions: 5 x 10-4. 
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Extraction Pu to orgome phose, % 


20 30 50 660 90 


mole fractions of diluents % 


Fic. 4.—Plutonium extraction from 1 M HNOs to a three component organic phase. 
TTA + two diluents 
TTA mole fractions 4 10-°. 
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Fic. 5.—Plutonium extraction with TBAN as a function of HNOs concentration for 
three different pure diluents 
TBAN mole fractions 2-7 10-4 
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Fic. 6.—Plutonium extraction with TBAN as a function of HNOs concentration for 
three different mixed diluents 
TBAN mole fractions 2:7 x 10-4 
mixture (0-53 mole fractions CHCls) 
CHCls/CCl, mixture (0-55 mole fractions CHCls) 
CCl4/CeHe mixture (0-52 mole fractions CsHs) 
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FiG. 7.—Plutonium extraction from 3 M HNOs to a three component organic phase: 
TBAN + two diluents 
TBAN mole fractions 2:7 « 10-4, 
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were used, and that the percentage extraction for a given complexing agent was in- 
variant when various mixtures of non-polar diluents were used 

From Figs. 5 to 7 it can be seen that extraction of the Pu-TBAN compound to a 
three-component phase shows the following characteristics. With progressive in- 
crease in mole fraction of carbon tetrachloride when a CCl,/CHCls mixture is used 
there is a slight rise in extraction followed by a marked decline. In the case of a 
CgHe/CCl, mixture there is a monotonic decline of extraction with increase in carbon 
tetrachloride mole fraction (Fig. 7). When a CgHg/CHCls mixture is used, increase 
in mole fraction of chloroform is accompanied by rise of extraction to a very marked 
maximum, followed by a decline. In the case of the systems showing a maximum 
care was taken to check that the maximum was not due to changes of phase volume 
resulting from contacting aqueous solutions of nitric acid with the given phase. 
The maximum of extraction for the CHCl3/CCl, mixture (2:7 x 10°* M TBAN; 
3 M HNOQOs) occurs at 0-25 mole fraction chloroform and is |-2 times higher than for 
pure chloroform. The maximum of extraction for the CHCls/CgH¢ mixture occurs 
at 0-50 mole fraction chloroform and is 3-5 times higher than for pure chloroform 

A priori it might be expected that amongst others the following factors would have 
an important influence on the extractability of plutonium in the systems studied here. 

1. The interaction of the plutonium-complex dipole with permanent or induced 
diluent dipole. 

2. The work necessary for hole formation in organic phase, dependent on the 
structure of the phase and in particular dipole moments of diluent molecules. 

3. In the case of an ion pair, particularly Pu-TBAN, the degree of dissociation 
of the pair in organic phase, dependent in turn on dielectric constant of the diluent 
(1) and the dipole moment of the diluent molecules. 

In connexion with the first and second of these it should be pointed out that 
plutonium complexes with TBP, DBP and TTA are probably symmetrical without 
significant dipole moment. Thus one would expect that dipole interaction with 
diluent would play no role, but that work concerned with hole formation would 
perhaps be significant for extraction, i.e. extraction* and somewhat greater than 
extraction with a polar diluent. The facts confirm this supposition. 

With regard to the influence of the diluent on the degree of dissociation of com- 
plexes of the metal in the organic phase it might perhaps have been expected that 
dissociation of the Pu-TBAN complex yielding the metal in a complex anion, and 
thus increasing extraction, would be greater in chloroform than in benzene, since the 
former diluent has the greater dielectric constant." As can be seen from Fig. 5 this ts 
in fact the case for nitric acid molarities below 3 M. However in view of the additive 
property of dielectric constants in mixed solvents, on the basis solely of a dissociation 
mechanism one would expect a monotone decline of extraction as benzene con- 
centration is increased in mixture CgHg/CHCls (Fig. 7). The existence of a marked 
maximum in this system shows that in this case a simple mechanism based only 
on dielectric constant and dissociation does not explain everything. 

The existence of maxima for the extraction of Pu-TBAN in the mixture 
CHCls3/CCly, CHCls/heptane, CHCls3/cyclohexane and CHCl3/CgHs may possibly 
be explained as follows. As chloroform is progressively diluted with a non-polar 


* To a non-polar medium: would be marked. 
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diluent, the organic phase becomes less organized, and hole formation is thus facili- 
tated, so that at first the percentage extraction increases. As dilution progresses 
further, however, the Pu-TBAN complex has less chance of solvation with polar 
chloroform and extraction thus declines. 

The significantly greater extraction of Pu-TBAN to a phase of pure benzene 
diluent than to phase of pure carbon tetrachloride diluent (Fig. 5), n-heptene or 
cyclohexane, and also the significantly greater extraction maximum for mixture 
CgHe/CHCls than for CCl,/CHCls n-heptane/CHCls and cyclohexane/CHClg requires 
separate treatment. An explanation might be that the relatively strong Pu-TBAN 
dipole can induce a dipole in benzene but not in carbon tetrachloride, n-heptane or 
cyclohexane, in view of greater polarizability of benzene, so that solvation in benzene 
is more extensive. 


Acknowledgements—The author wishes to thank Prof. I. G. CAMPBELL and Dr. S. Srexrersxi for 
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Abstract—A study of a series of aqueous and non-aqueous solutions of titanium of low valence has 
shown that titanium exists in these solutions in the form of titanium (II1). Polar titanium (IT) chloride 
does not dissolve in the non-polar solvents studied. Solvents with active hydrogens react with the 
titanium (11) and in acetonitrile and dimethylformamide titanium (II) chloride undergoes dispro- 
portionation. 

TiCle (solid) TiCly (solution) + Ti (solid) 


RECENTLY GUTMANN and Noworny"! reported on a study of non-aqueous solutions 
supposedly containing titanium (II). A similar but more extensive study on this 
phase of their work is reported here. 

The problem was broken into two parts: 

(1) A study of methods that might be thought to produce titanium (II) in 


solution; and 
(2) A study of solutions made by mixing titanium (II) salts with various solvents. 


1. METHODS OF SYNTHESIS OF TITANIUM (II) 


Attempts were made to prepare titanium (II) in solution by: 

(A) Reduction of titanium (1V) chloride with active metals 

(B) Dissolution of titanium metal in acids 

(C) Anodic dissolution of titanium in several non-aqueous solvents. 


A. Reduction experiments 

Titanium (IV) chloride was dissolved in the solvent and refluxed under nitrogen in the presence of 
magnesium or aluminium for 2 hr. In most cases the reactions were so vigorous in the early stages 
that the vessels had to be cooled in an ice-bath. The solvents used were acetonitrile, dimethylformamide, 
nitrobenzene and acetic acid, dried over either potassium hydroxide or drierite. 

The colours of the solutions were noted during the reduction; the solutions were tested for reaction 
with hydrochloric acid; and where possible the solutions were titrated with a solution of bromine in 
the solvent used. The end point was observed visually and potentiometrically using a Beckman model 
H pH meter. All experiments indicated that these reductions produced titanium (III) only 


B. Dissolution of titanium in acids 

A study was made of the dissolution of titanium in concentrated aqueous solutions of hydro- 
chloric, sulphuric, hydroflucric and a mixture of hydrochloric and acetic acids; and in acetic acid 
made anhydrous with acety! chloride. 

* This research was supported in whole or in part by the United States Air Force under Contract 
Nr. AF 33(616)-3331, monitored by Acro Research Laboratory 


+ Present address Union Carbide Metals Co., Niagara Falls, New York 
1) V. GUTMANN and H. Noworny, Monatsh. Chem. 89, 331 (1958) 
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Aqueous acid solutions. The valence of the titanium was checked both by volume of hydrogen 
evolved and by titration with ferric ammonium sulphate as the titrant and ammonium thiocyanate as 
the indicator. 


All experiments led to the conclusion that in these aqueous solutions the titanium dissolved with 
a valence of three in agreement with previously reported experiments. '?) 

Acetic acid. Investigation of the anhydrous acetic acid solution was hindered by two things. It 
was impossible to measure the valence by the volume of hydrogen evolved since there was no 
measurable volume of gas evolved in the gas burette. In addition, since no reference was found to a 
completely anhydrous oxidation reduction titration for use in Systems such as these it was necessary 
to develop a coulometric method for use. 


The apparatus is pictured in Fig. 1. The coulometer was a semimicro oxy-hydrogen coulometer 
similar to that of LINGANg.'*) The current was held at approximately 3 mA. Since the titanium solutions 
were highly coloured, the sudden change of this colour to a light yellow was taken as the end point 


Milliommeter 

Coulometer 
| 


\ 


4 


Waxed serum 


HyPodermic bottle cops Power 
yringes SUpD'y 
Dubbing 
mtrogen 
bet 
reference 
cell 


Fine Mercurous chloride, mercury 
mode 
porosity and iitmum chiornde 
ntered Mercury 
4 


Fic. 1.—Apparatus for coulometric analysis. 


The reference cell was a saturated calomel electrode with the solvent being acetic acid. The solution 
in the reference cell was saturated witheither anhydrous lithium chloride or anhydrous tetramethylam- 
monium chloride. To remove oxygen, the dry solvent in the anode compartment was bubbled with 
No, using hypodermic needles as both the inlet and outlet. After bubbling, the needles were removed. 
Ihe serum bottle caps on top of the H tube were recoated with paraffin every time a needle was re- 
moved to prevent air leakage. A sample was withdrawn from the reaction vessel with a tuberculin 
syringe, inserted in the H cell, and titrated. This method of titration was checked using both lead 
tetroacetate and iodine 


rhe total titanium in the reaction vessel was determined colorimetrically using a Leitz colorimeter 
and the basic procedure given in BARKSDALE. 


The results for the anhydrous acetic acid solutions are shown in Table 1. 

It will be noted that the valence lies between three and four. Later it was observed that a fine 
black powder (probably titanium) was left after the reaction was over and colorimetric analysis 
showed that the titanium in solution was less than the amount of titanium placed in the system. 
Therefore, the valences undoubtedly lie much closer to three 


Anodic dissolution of titanium 


Experimental. A number of experiments studying the anodic dissolution of titanium were 
carried Out using a stoppered porous cup for the anode compartment inserted in the open cathode 


-) J. BARKSDALE, Titanium p.112. Ronald Press, New York (1949). 

’ Gmelin’s Handbuch der Anorganischen Chemie, System—Number 41, Titan. Verlag Chemie GMBH, 
Weinhem (1951) 

J.J. LinGane, J. Amer. Chem. Soc. 67, 1916 (1945) 

J. BARKSDALE, Titanium. Ronald Press, New York (1949). 
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compartment. The cathode was a strip of lead and the anode was titanium. The solvents used are 
listed in the table of results. The anodic oxidation was carried out under a dry, deoxygenated 
nitrogen atmosphere. A levelling bulb was connected to the anode compartment and the level inside 
the anode compartment was maintained constant by adding or removing solvent in order to keep the 
current density constant. Most runs were made at room temperature. However, in order to minimize 
electro-osmosis, a number of runs were made in a refrigerated box at 7-0¢ 


Taste | 


Run No No. of titrations Average valence of Average deviation 


titanium in solution of the mean 


3-43 0-10 
334 


The current density ranged from 0-0005 to 0-02 A per in The cathode compartment contained 
the solvent studied plus a small amount of titanium (IV) chloride to lower the resistance. 

The coulometer was an oxy-hydrogen coulometer. The amount of titanium dissolved was deter- 
mined by weighing the anode before and after the experiment 

As can be seen from Table 2, all valences lie between three and four. The addition of complexing 
agents, if it did anything, raised the valence of the titanium going into solution 


RESULTS AND DISCUSSION OF RESULTS 


Table 2 summarizes the results of the anodic dissolution experiments 


Taste 2 


Number of faradays 
per mole of titanium deviation of 


| 
Solvent used | Drying agent | Number 
of runs | dissolved | the mean 
Drierite 3-%6 0-51 
Potassium 


Dimethylformamide 


Acetonitrile 


hydroxide 
Drierite 


3-00 


3.79 


029 
O38 


Potassium 

hydroxide 3-00 +0-16 
Potassium An apparent electrolyte reaction 
with the solvent 


Acetonitrile plus 

8-hydroxyquinoline 
Acetonitrile 

plus pyridine hydroxide 
Acetonitrile plus | Potassium 
Diphenylthiocarbizone| hydroxide | 3-03 
Acetonitrile plus | Potassium | 

x, « dipyridyl hydroxide 3-94 
Dimethylformamide 

plus 8-hydroxy- 

quinoline | Drierite 
Dimethylformamide | 

plus ammonium 

fluoride Drierite 


| 
Formamide | 
| 


2. EXTRACTS OF TITANIUM (II) SALTS 


Studies were made of the supernatant solution obtained by mixing solids known 
to contain titanium (11) with various solvents. 
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Experimental. Three sources of titanium (11) were used: 
(a) Titanium (Il) bromide obtained by vacuum disproportionation of titanium (ILD) bromide ;'* 
(b) The fused salt melt used in the electroplating of titanium. The sample was obtained from 
Dr. T. A. Henrie of Electro Metallurgical Co. and was reported to have the following 
composition : 
Titanium (II) chloride 
Titanium chloride 
Total titanium 


Iron 

(c) Titanium (Il) chloride from the New Jersey Zinc Co. 

Experimental. The solvents studied were the best grade commercially available, dried with either 
drierite or potassium hydroxide and deoxygenated by bubbling with dry, oxygen-free nitrogen. All 
operations were carried out in a dry box under a nitrogen atmosphere. The solid material was added 
to a test-tube containing the various solvents. They were then stoppered and coated with paraffin. 
After several days, samples were withdrawn with a hypodermic needle and added to dilute hydro- 
chloric acid in a Warburg manometer and tested for the evolution of gas. 


TABLE 3.—EXTRACTION OF TITANIUM (II) DICHLORIDE 


Solvent Behaviour and appearance of solutions 


Dioxane, benzene, dimethylaniline No dissolution 

Acetonitrile, dimethylformamide Green at first—developed a blue layer on 
y-Butyrolactone standing 

Acetone, tetrahydrofuran Green solution—yellow to orange top layer 
Formamide* Dark green solution 

Pyridine* Red to dark reddish-brown solution 
Diethylamine* Purplish precipitate formed 

Pyridine* — o-phenanthroline Blue to purple 

Pyridine* — «, x’ dipyridyl Blue to purple 

Pyridine* -- thiocarbizone Blue to purple 


* In all formamide, diethylamine and pryidine solutions, gas bubbles were formed and a pressure 
was built up indicating the evolution of a gas from a reaction of the divalent chloride with the solvent. 


The acetonitrile, dimethylformamide and pyridine solutions were examined spectrophotomet- 
rically with a Beckman DK-I spectrophotometer. 

The acetonitrile solutions were examined polarographically using a dropping mercury electrode, 
a mercury pool as reference electrodes, tetramethylammonium chloride as a supporting electrolyte 
and a Sargent model XXI polarograph. 

Coulometric analyses to determine the valence of titanium in solution were made on some of the 
acetonitrile, dimethylformamide and pyridine solutions. The procedure and equipment was essentially 
the same as that described in the dissolution section. The solvent studied was used as the solvent in 
both the reference electrode as well as the analysis compartment. In pyridine, however, it was neces- 
sary that the reference electrode be a copper, cupric chloride electrode. The total titanium content 
was determined colorimetrically as before (Table 3). 

In no case was pressure built up in the Warburg apparatus when the solution was added to dilute 
hydrochloric acid, indicating that no reaction occurred between the solutions and the hydrochloric 
acid. 

Comparison was made between the absorption spectra of titanium (IV) chloride, titanium (IIL) 
chloride and the absorption spectra of the acetonitrile, dimethylformamide and pyridine solutions. 
All solutions showed the presence of an absorption maximum around 300 my, probably due to the 


®) W. C. Schums and R. F. Sunstrom, J. Amer. Soc. 85, 596 (1933). 
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titanium (1V) chloride. As reported by HARTMANN ef ai.,‘*-*) titanium (III) has an absorption maxi- 
mum around 480 mz. All of these solutions absorbed in this region. No other absorption maximum 
was observed. 

Polarographic studies of the acetonitrile extracts gave no waves other than those for the oxidation 
of titanium (III) and the reduction of titanium (IV). 
The results from the coulometric analyses of the solutions are summarized in Table 4. 


TABLE 4,—COULOMETRIC ANALYSIS OF EXTRACTS OF TITANIUM DICHLORIDE 


Number of Valence of titanium Average deviation 
Solvent Runs in solution of the mean 
Dimethylformamide 3 2:96 -0-003 
Acetonitrile 4 2:92 0-042 
Pyridine 3 3-86 0-004 


As was noted in Table 4, pyridine apparently undergoes some reaction with the titanium (II), 
which accounts for the high value of the valence found in the pyridine solution. In dimethylformamide 
and acetonitrile, the valence was found to be essentially three. 

All of these experiments, including both the synthesis and the study of properties, lead to the 
conclusion that with these solvents, titanium (II) does not exist to any extent in solution. 

It is reasonable to expect that the highly reactive titanium (11) would not exist in solutions contain- 
ing solvents with active hydrogens such as acetic acid, water and formamide since it would react with 
these solvents. It is also reasonable to expect that titanium (11) would not exist in solutions in which 
the solvent was nonpolar such as benzene since the polar titanium (II) chloride would be insoluble. 
However, it was difficult to visualize why titanium (II) did not exist in dimethylformamide and acet- 
onitrile solution. X-ray diffraction studies of the solid left after the titanium (11) chloride was shaken 
with these solvents showed the presence of titanium metal showing that the titanium (IT) chloride 
had undergone disproportionation. 

TiCle (solid) = TiCls (solution) + Ti (solid) 


This equilibrium is probably displaced to the right because of the high solubility of the titanium (IID 
chloride and the low solubility of titanium (II) chloride. 

From this, it would appear that the experiments carried out by GUTMANN and Noworny on solu- 
tions supposedly containing titanium (II) were, in reality, experiments on solutions of titanium (IIT) 


(7) H. HARTMANN and H. L. ScuiArer, Z. Phys. Chem. 197, 116 (1951). 
(8) H. HarTMANN, H. L. ScutArer and K. Hansen Z Anorg. Chem. 284, 153 (1956) 
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Abstract— Aqueous solutions of hydroxylamine-O-sulphonic acid, H2eNOSO;H. undergo two princi- 
pal modes of decomposition entailing (a) hydrolysis to hydroxylammonium ion and (b) self oxidation 
to give nitrogen and ammonia. The hydrolytic reaction is acid catalysed: disproportiona- 


s markedly catalysed by presence cf trace quantities of Cu(II) and is also favoured in alkaline 


ullor 


THe chemical similarity between hydroxylamine-O-sulphonic acid (HOS) and 
chloramine was first noted by Sommer". Both substances are excellent aminating 
agents and both compounds undergo hydrolysis and decomposition to give nitrogen 


and ammonia. HOS is, however, the more stable of the two compounds since it can be 


prepared as a pure crystalline product by the sulphonation of hydroxylamine in 100°, 
H2SO, as solvent and can therefore be handled more easily than chloramine. 

The powerful aminating action of HOS was first evaluated by Somer ef a/.'*) who 
effected the conversion of ammonia into hydrazine and showed that the conditions 
under which this process takes place are in many respects similar to those which 
characterize the Raschig synthesis from ammonia and chloramine. These same 
investigators also showed that typical primary, secondary and cyclic amines can be 
converted into the corresponding N-mono- and N-di-substituted hydrazines and that 
ethylenediamine gives |-hydrazino-2-aminoethane. The behaviour of HOS as an 
ammonating agent was exploited subsequently by other investigators. BERGER" was 
able to prepare hydrazino-acids from amino acids by adding HOS to hot alkaline 
solutions of the latter. KELLER and Smrrn “4-5 have used HOS to effect the amination 
of aromatic hydrocarbons in the presence of aluminium chloride as a catalyst. Oximes 
and amides have been obtained by heating ketone-HOS mixtures. Gever and co- 
workers'®” have used HOS to prepare N-substituted hydrazines from the appro- 
priate amines. MEUWSEN has effected the amination of tertiary amines to trialkyl- 
hydrazinium salts'*’ and of imidodisulphonates to the hydrazino-1, 1, 2-trisulpho- 
nates’; AppeL® has employed HOS to effect amination of tertiary phosphines. 

* Present address: Chemical Research Division, Picatinny Arsenal, Dover, N.J 

F. Sommer and H. G. Tempuin, Ber. Dtsch. Chem. Ges, 47, 1221 (1914) 

-) F. Sommer, O. F. Scuutz and M NASSAU, Z. Anorg. Chem. 147, 142 (1925) 
H. BerGer, Z. Prakt. Chem. 152, 270, 300 (1939). 
* R. N. Ketter and P. A. S. Smirn. J. Amer. Chem. Soc. 66, 1122 (1944). 
*) R. N. Ketter and P. A. § SmitH, J. Amer. Chem. Soc. 68, 899 (1946). 
*) G. Gever and K. Hayes, J. Org. Chem. 14, 813 (1949) 
7) G. Gever, J. Amer. Chem. Soc. 76, 1283 (1954). 

A. MEUWSEN and R. GdésL, Angew. Chem. 69, 754 (1957) 


A. MEUwseN and H. Tiscuer, Z. Anorg. Chem 294, 282 (1958). 
R. Appet, W. BOcHNeR and E. GuTH. Ann Chem. 618, 53 (1958) 
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All these reactions may be regarded as displacement reactions, or from a more 
formalistic point of view as processes entailing amination (ammonation, nitridation) 
through the intermediate formation of a hypothetical imide molecule or radical. 
As imide donors HOS, NHeCl, HNs3 and even hydroxylamine and hydrazine can be 
represented by the empirical formula HNX (where X — HeSO,, HCl, No, HO and 
NHs respectively). The HN molecule is isoelectronic with atomic oxygen; it can be re- 
garded as the ammono analog of active oxygen. Each of these compounds can there- 
fore be regarded as a nitridizing agent. 

To further evaluate the usefulness of HOS as an aminating agent, we have under- 
taken to study the stability of aqueous solutions of HOS under various conditions. 
The results of a kinetic study on the hydrolysis of HOS in the temperature range 
55-85° were reported briefly by HARNSBERGER and Moroney'!"’ in 1952. No experi- 
mental details were given beyond the fact that hydrolysis was found to be first order 
when the pH is kept constant and that a minimum rate is observed at a pH of about 0-5. 
Two competing mechanisms were proposed to account for this behaviour; an uncata- 
lysed reaction through the anion of the free acid and an acid catalysed reaction through 
the unionized acid. The acid ionization constant was found from kinetic data to be 
1-7 « 10-2 in good agreement with the measured value. The activation energies and 
frequency factors for the two reactions were found to be significantly different. The 
rate of hydroly:.s was found to depend linearly upon the ionic strength (in the 
range 0-1-1-0) of the solution. These authors also noted pronounced secondary 
salt effects when sulphate ion or the anion of an organic acid were substituted for 
the chloride ion used in most of the buffer solutions. Sommer'?’ had also pointed 
out that the stability of HOS is greatly reduced as the pH is raised and that decom- 
position takes place readily in alkaline solution to give nitrogen and ammonia. Traces 
of hydrazine and hydrogen azide were also found to have been formed during the 
decomposition of alkaline solutions of HOS. 

The experimental work which is presented below encompasses a study of the sta- 
bility of aqueous solutions of HOS in the acid range. Reactions of hydrolysis and of 
disproportionation take place concurrently. The disproportionation reaction repre- 
senting a self-oxidation-reduction reaction to give ammonia and nitrogen in equi- 
molecular quantities is markedly catalysed by the presence of trace quantities of dis- 
solved copper.* 


EXPERIMENTAI 

jnalytical. Details for the preparation of HOS and for the iodometric procedure used in its 
analysis are published elsewhere. The preparative method can be modified by addition of sulphur 
trioxide to a concentrated solution of hydroxylammonium sulphate in 95-98 per cent HeSO,.. The 
HOS prepared by this procedure must be washed thoroughly with ether to remove adhering solvent 
and should be stored in a moisture-free atmosphere. 

The iodometric procedure is based upon oxidation of iodide ion to free iodine by HOS, in acid 
solution. Presence of the hydroxylammonium ion and or ammonium ion does not interfere. Neither 
the Raschig method '*) for determination of hydroxylamine nor the Kjeldahl! procedure for ammonia 
can be used in the presence of HOS. 


* Unpublished work by M. M. Jones in this laboratory has shown that trace amounts of copper greatly 
catalyse and accelerate the decomposition of chloramine 
1) H. E. HARNSBERGER and J. P. Moroney. Paper presented at the 121st meeting of the American Chemical 
Society, Buffalo, New York, March 1952 
12) H. J. MarsuGumMa and L. F. Auprie tn, /norgani: Syntheses Vol. V. p. 122. John Wiley. New York (1957) 
13) W. C. Bray. M. E. Simpson and A. A. Mackenzie, J. Amer. Chem. Soc. 41, 1363 (1919) 


ol, 
12 
9/60 


188 H. J. MATSUGUMA and L. F. AUDRIETH 


HOS may be titrated quite readily with strong base. The pH curves obtained from such titrations 
(see Fig. 1) are typical of the titration of a strong acid, but show two distinct inflexion points. The 
major break occurs at a pH of 3-5—4-5, whereas a second break of small and of variable extent occurs 
over a pH range of 8-10. The second break is invariably smaller when cold solutions (0O-2°C) are titrated. 
The second inflexion point is therefore considered to be due to hydroxylammonium ion, either as an 
impurity or as the product of hydrolysis as the pH of the solution rises during addition of standard 
base. Other curves in Fig. | show the titration of dihydroxylammonium sulphate (Curve 2) and of 
a mixture of the mono- and dihydroxylammonium sulphates (Curve 3) with standard base. In both 
cases, the hydroxylammonium ion is neutralized at a pH of 8-11, indicating that the second break 
in the HOS titration curve is indeed due to the presence of the hydroxylammonium ion. The latter 
can therefore be determined quantitatively in the presence of HOS by titration with sodium hydroxide. 


| 
| 
J 


Fic. 1.—pH titration curves with NaOH as titrant: (1) HOS at 0-2 ; 
(2) (3) Mixture of NHeOH:-HeSO, and 


The decomposition of HOS in aqueous media was studied at three different temperatures (6°0-6:5, 
23-35 and 100°C (reflux)] by pH titration, iodometric analysis, permanganometric analysis and by 
mass spectrometric analysis of gaseous decomposition products. The pH titrations were carried out 
at 0-2°C using a Beckman model G glass electrode pH meter, with sodium hydroxide as the titrant. 
The strong acid titer of HOS solutions was determined by titration to the bromcresol green endpoint 
(pH 3-5—4-5) and the total acid titer by titration to the phenolphthalein endpoint (pH 8-10). The 
iodometric procedure was used to determine the residual HOS content of solutions under study. 
For solutions in which complete decomposition of HOS had taken place the hydroxylammonium ion 
content was determined by the indirect permanganometric procedure.'*) Samples of gases for mass 
spectrometric analysis were collected from solutions of HOS by freezing out water vapour in cellosolve- 
dry ice traps. The solutions were degassed several times before the actual samples were taken at 
pressures of 5-10 uw Hg. 

The effect of various additives such as sulphuric acid, added base, and copper(II) chloride upon 
the extent of decomposition of the HOS solutions was also evaluated. The initial HOS concentration 
was maintained at 0-1 M in all experiments; appropriate solutions also were made 0-12 N in added 
sulphuric acid and sodium hydroxide, respectively. The effect of copper(II) additive was determined 
in solutions 0-1 M in HOS and 10-4 M in added copper(II) chloride. 

The data presented graphically in Fig. 2 represent the results obtained from a series of HOS 
solutions containing various additives and allowed to stand for the indicated times at 6-00-6-50°C. 
From these data it is evident that: 
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mole/\ 


Concentration, 


006 


005 


60 
Time, hr 
Fic. 2.—Decomposition of 0-1 M HOS solutions at 60-65 (Curves 1, 2, 3 and 4): 
, HOS, @, HOS with HeSO,; 4, HOS with NaOH; A, HOS with CuCle. Variations 
in strong and total acid content are given by Curves 5 through 10. 


| 


mole/| 


Concentration, 


004 


0021 


Fic. 3.—Decomposition of 0-1 M HOS solutions at 23-35 (Curves 1, 2, 3 and 4; 
see legend for Fig. 2). Curves 5 to 10 inclusive represent increases in total and strong 
acid for each of the respective solutions. 
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(1) HOS decomposes most rapidly in a solution containing copper(Il) ion (1), less rapidly in 
basic solution (2), even less rapidly in a solution alone (3) and least rapidly of all in an acidic 
solution (4). 

2) The strong acid, monohydrogen sulphate ion, titer increases most rapidly in the copper- 
containing solution (9), less rapidly in the solution of HOS alone (6) and least rapidly of all 
in the solution containing added acid (5). 

(3) The change in hydroxylammonium ion concentration (total acid titer less Strong acid titer) 
1S greatest in the solution containing added acid (7) whereas the solution of HOS alone (8) 
exhibits a change in weak acid content almost indentical to that of the copper-containing 
solution (10) 

These observations show that several modes of decomposition are possible for HOS in aqueous 
solution. The simplest of these. the hydrolysis of HOS to hydroxylammonium ion and monohydrogen- 
sulphate ions, is enhanced by the presence of additional acid. Other decomposition reactions, not 
necessarily involving the formation of hydroxylammonium ion. appear to take place to an increasing 
extent in less acidic solutions and in solutions containing added copper(II) ion. It is also evident 
that these reactions occur simultaneously, complicating the situation considerably. 

The results of identical experiments carried out at 23-35°C are summarized in Fig. 3. The same 
general behaviour was noted except that the acid-catalysed hydrolysis of HOS appeared to be some- 
what more temperature dependent than any of the other reactions. The curves in Fig. 3 represent 
Variations in 


(a) the HOS content of the copper containing solution (1) 
(6) the HOS content of the basic HOS solution (2) 

(c) the HOS content of the solution containing added acid (3) 
(d) the HOS content of the solution of HOS alone (4) 

(¢) the strong acid titer of HOS with added acid (5) 

(f) the strong acid titer of HOS alone (6) 

(g) the total acid titer of HOS alone (7) 

(h) the total acid titer of HOS with added acid (8) 

(1) the strong acid titer of the copper(II) containing solution (9) 
the total acid titer of the copper(II) containing solution (10) 


To further clarify the situation concerning the decomposition of HOS, the ammonia contents 
of the solutions of HOS (A) and of HOS with added acid (B) were determined after these solutions 
had been allowed to stand for several weeks at 23-35 - Ammonia was found in appreciable amounts 

both solutions 
501 hr 838 hr 
Solution A 0-0102 mole | 0-0112 mole! 
Solution B 0-0046 mole | 0-0034 mole /] 


\ mass spectrometric analysis of the gaseous decomposition products of HOS solutions allowed 
to stand at 23-35 C shed additional light upon the decomposition of HOS. The nitrogen : oxygen 
auio in these samples was 2-4: 1 instead of the 4-4 - | found in blank determinations and to be 
expected for air-contamination of the sample. It is evident that oxygen is formed in small quantities 
luring the decomposition of HOS 

When solutions similar to those studied at 6 and 23-35 were refluxed at 100° the HOS was found 
n each case to have disappeared completely after 2S hr. The concentrations of hydroxylamine in 
the residual solutions were found to be 
Solution A (no additive), 0-07 M 
Solution B (containing added HsSO,). 0-0895 M 
Solution C (containing added Cu**) 0-0226 M 
Solution D (containing added NaOH). 0-003 M 


It is again evident that hydrolysis with formation of hydroxylammonium ion is favoured by added 
H*, but that a decomposition process 1s favoured in basic solution and is greatly catalysed by added 
copper ion 
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DISCUSSION 


Reactions represented by the following equations can be proposed to account fi 
the various experimental findings: 


H»NOSOsH H.O NH;OH HSO, (1) 


3HeNOSOsH Ne HSO 2H»SO (2) 


2HeNOSOsH 2H,O 2NH, 2HSO, O (3) 


2HeNOSOsH — 2NHsOH INH, 2HSO 2H 


NO H.O (4) 


In assessing the relative importance of these reactions it is necessary to keep ir 


mind the following experimental facts 


(1) The amount of HOS which decomposes is a/wavs greater than the net increase 


in weak acid titer, accountable by formation of NHsOH 

2) The formation of both strong (HSO,~) and weak (NHsOH~ and, possibly 
NH,*) acid is influenced markedly by pH 

(3) Ammonia is found in HOS solutions which have been allowed to decompose 


for eral w eeks 


(4) Small amounts of oxygen are formed 


(5) The strong acid titer increases much more rapidly than the weak acid titer 


in the presence of catalytic amounts of Cu(I1) 


Previous investigators''-*’ have shown that hydroxylammonium ion ts formed when 


HOS undergoes hydrolysis. The weak acid titer increases most rapidly in those solu- 


lions containing added acid, thus confirming semi-quantitatively the findings of 


HARNSBERGER and Moroney’ who came to the conclusion that the hydrolysis 


process is acid-catalysed. Equation (3) represents a second avenue of decompositior 


which, like process (1), would cause no change in the strong acid titer. For both of 


these processes one mole of strong acid (HSO, ) 1s formed for each mole of HOS under- 


going decomposition. Reaction (3), which assumes that decomposition could occur 
through solvolysis of a Caro’s acid intermediate (HeNOSOsH » HOOSOsH), 
is believed to be of only minor importance and could account for the formation of 


some oxygen during the decomposition process. Reaction (1) ts therefore believed 


to be the predominant reaction in solutions of HOS and those containing added acid 

Reactions (2) and (4) illustrate decomposition schemes which would cause ar 
increase in both strong acid titer and in total acidity. Check experiments showed 
that HOS and hydroxylamine salts do react in boiling solutions. Particularly signiti- 
cant, however, is the experimental finding that the presence of Cu(I1) 1on causes de- 


composition to occur with a great increase in strong acid content, but only a smal! 


change in weak acid concentration. In other words, solutions of HOS containing 


added Cu(I]) ion undergo decomposition largely by a route which does not allow any 
build-up of NH3sOH* in solution. This observation suggests that one or more redox 


reactions are taking place in which Cu(II) ion is exerting a marked catalytic effect (as 
it does in the autoxidation of NH2OH"" and of hydrazine" The reaction repre- 
sented by (2) is essentially similar to the disproportionation process which had been 
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observed by SomMMER'?’ to take place in alkaline solution. It is completely similar to 
the self-oxidation reduction processes which occur whenever potential imide donors 
undergo decomposition in accordance with the following type equation :® 


3HN(A) —-—-> Ne + NH3 + 3A 


where HN(A) = chloramine (HN-HCl), hydrogen azide (HN-Ne), hydrazine 
(HN-NHs), hydroxylamine (HN-H2O) and now HOS as HN-H2SO,. 

It is evident from the experimental results presented above that reactions (1) 
and (2) dominate in the decomposition of HOS in aqueous media. The hydrolytic 
process given by equation (1) is an acid catalysed process. Sommer‘?’ has shown that 
(2) becomes the dominant process as the pH of the solutions is raised, but reaction 
(2) takes place to a limited extent even in acid solutions and particularly in those 
systems containing catalytic amounts of dissolved copper. Reactions (3) and (4) are 
believed to play only minor roles in those reactions which influence the stabilities 
of aqueous solutions of HOS. 

It should be emphasized again that HOS and chloramine are similar in many 
respects. The reactions set forth above are completely analogous to those proposed 
by AUDRIETH and Rowe'!® in their study of the factors which affect the stabilities of 
chloramine solutions. Both substances are oxidizing agents; both substances serve 
aS aminating agents particularly in their reactions with ammonia and amines to 
give hydrazine and N-substituted hydrazines. Aqueous solutions undergo analogous 
decomposition processes involving both hydrolysis and disproportionation. In 
each case the latter process is markedly accelerated by the catalytic effect of traces 
of dissolved copper. 


Acknowledgement—Support of this investigation by the Office of Ordnance Research, Contract 
DA-11-022-ORD-8238, is acknowledged with gratitude. 
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Abstract—The adsorption of lithium, cupric and cobaltous chlorides, and of nickel nitrate from organic 
solvents by anion-exchange resins has been investigated. Adsorption by the basic form of the 
tertiary amine resin Deacidite H takes place through complex formation with the resin functional 
groups, and both cation and anion are adsorbed in equivalent proportions. Increased crosslinking 
(per cent nominal divinyl benzene) of Deacidite H from 1 to 9 per cent has little effect on the uptake 
of lithium chloride, but a significant reduction is observed in cobalt chloride adsorption for cross- 
linking greater than 2 per cent. Adsorption is influenced by the nature of the solvent, and is much 
greater from acetone than from dimethyl formamide. 


Tue literature on ion-exchange and adsorption of salts on synthetic resins from non- 
aqueous media is very limited compared with the extensive literature for aqueous 
systems. The scarcity of data is understandable, as the need to remove salts from 
organic solvents other than by back-extraction with an aqueous phase rarely arises. 
However, with the growing interest in the solution chemistry of salts in organic 
systems, and the desire to extend the number of potential separation methods, 
occasions may arise (or can be anticipated) where it would be advantageous to 
conduct separations of salts in an organic medium or to remove them completely 
from the organic solvent under strictly anhydrous conditions. Where it is desirable, 
for economic reasons, to recover large quantities of solvents such as acetone or 
dimethyl formamide, the solubility of which in water prevents the use of the latter 
for back-extraction, adsorption of the salt on an insoluble solid phase would avoid an 
expensive distillation and the wastage which would otherwise result from pyrolysis of 
the solvent; in addition, side reactions during distillation are eliminated. Furthermore, 
the adsorbed metals may be eluted directly and in a pure state from the solid phase. 
The desalting of organic solvents by dual or mixed beds of acidic and basic ion 
exchangers can be shown to be feasible from the data available on the behaviour 
of the latter in organic systems,"!’ but the rate of exchange compared to that in water 
is greatly reduced as a result of the low degree of ionization under non-aqueous con- 
conditions. KATZIN and Gepert have shown‘? that rapid adsorption of a number 
of salts from acetone takes place on the chloride form of a strongly basic resin, but 
while the adsorption coefficients were very high in favour of the resin, and both 
cation and anion were simultaneously adsorbed, the presence of water in the resin 
phase was necessary for adsorption to occur. Though such a procedure would be 


1 O. D. Bonner, J. Chem. Educ. 34, 174 (1957). 
‘) L. L. Karzin and E. Gesert, J. Amer. Chem. Soc. 75, 801 (1953) 


7 193 


12 | 
1/60 


4 


194 J. Kennepy and R. V. Davies 


sufficient to remove salts from acetone and possibly from other solvents, it would 
hardly be desirable for the recovery of solvents in a completely anhydrous state. 

As part of a programme designed to this end, the applicability of non-ionic phos- 
phorylated polymers such as tri-allyl phosphate, [(CsHs5O)3P(O)]n, to salt extraction 
from anhydrous acetone and alcohol has already been demonstrated."*) However, the 
relatively weak co-ordinating power of the phosphoryl oxygen in such a polymer 
for transition elements renders it ineffective as an extractant from more basic strongly 
co-ordinating solvents such as dimethyl formamide. As previously emphasized,'* 
a resin of the phosphine oxide type, [RsP(O)]», might be applicable to the extraction 
of salts from strongly solvating media because of the enhanced basicity of the phos- 
phoryl oxygen, but the very limited effort on our part to synthesize such a polymer 
was unsuccessful.“ 

An obvious alternative to any of the above resins is commercially-available 
Deacidite H, which has the following structure: 
— CH — 


——CH2N(CHs3)2 


The high affinity of amine resins for cupric salts has already been demonstrated, 
although no details are given.’ This paper describes a more detailed investigation 
of the application of Deacidite H for desalting acetone and dimethyl formamide. 
In addition some emphasis has been laid on the effect of resin crosslinking on its salt 
uptake. The adsorption of salts under similar conditions by the strongly basic 
quaternary ammonium resin Deacidite FF was also investigated. 
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EXPERIMENTAL 
Resins 

The resins were obtained in the chloride form from the Permutit Co. Ltd., London. They were 
twice recycled with one hundred bed volumes of 0-5 N NaOH, water, 0-5 N HCl, 0-5 N NaOH, and 
water in that order, and were finally washed exhaustively with carbonate-free distilled water, after 
which they were dried and stored in the basic form over silica gel. Portions of the resins thus treated 
were also converted to the chloride form. Capacities were determined by shaking portions (4 g) 
for 48 hr with 50 ml N/10 HCI, filtering, and back-titrating the filtrate with standard alkali. On 
heating basic Deacidite H resins for 3 hr at 100 under vacuum, in order to remove strongly-basic 
quaternary ammonium groups,'®) the capacities were not significantly changed, indicating that the 
contribution of these groups to the total exchange capacity was less than 3 per cent. Capacities and 
crosslinking (°{ nominal divinyl benzene (DVB) content) are given in Table 1. 


Solutions 
Stock solutions (0-04 M) were prepared of LiCl, CoCle, CoCle6H20O, CuCle2H2O and 

Ni(NOs)26H20 in both anhydrous redistilled dimethyl formamide (DMF) and in acetone. The solu- 
tions were finally assayed for lithium with an EEL flame photometer and colorimetrically”) for the 
other metals. Ni(NOs)26H2O was used instead of NiCle because of the low solubility of the latter 
in acetone. The chloride content of the solutions was determined by precipitation as silver chloride 
followed by dissolution in ammonia and colorimetric analysis of the silver using sodium sulphide.*) 

3) J. Kennepy, J. Appi. Chem. 9, 26 (1959) 

4) J. Kennepy, E. S. Lane and B. K. Rosinson, J. Appl. Chem. 8, 459 (1958) 

5) D. A. Roprnson and G. F. Mitts, Industr. Engng. Chem. 41, 2221 (1949). 

6) J. Aveston, D. A. Everest and R. A. Weis, J. Chem. Soc. 231 (1958). 
) E. B. SANDELL, Colorimetric Determination of Traces of Metals pp. 279, 304, 475. Interscience, New 
York (1950) 
F. Snect and C. Snewt, Colorimetric Methods of Analysis p. 533. Van Nostrand, New York (1954). 
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Equilibration 

Portions of the resins (4 g) were shaken for 16 hr with solutions (50 ml) of varying initial salt con- 
centration (0-04-0004 M) in acetone and DMF. Equilibrium was always attained in less than 3 hr, 
and acetone solutions of the coloured salts which were contacted with Deacidite H and mist Deacidite 
FF became lighter in colour during equilibration, or colourless in the case of the initially more dilute 
solutions, accompanied by a progressive colouration of the resins. The equilibrated solutions were 
filtered, their metal content was determined, and the metal adsorbed on the resin was determined by 
difference. The chloride content of the equilibrated lithium, cobaltous and cupric solutions was also 
determined. 


TABLE |.—RESIN PROPERTIES 


Deacidite H Deacidite FF 


Crosslinking: 
(°% Nominal DVB) 3) Commercial grade 


Capacity m equiv g dry 
basic resin 


RESULTS AND DISCUSSION 

General 

The ratio of metal to chloride in the equilibrated chloride solutions was invariably 
the same as in the original salt, indicating that in the instances where adsorption 
occurred both cation and anion were adsorbed in equivalent proportions. The removal 
of both ions from solution was also demonstrated by testing portions of the effluent 
from columns of the resins after passage of solutions of the salts in acetone or DMF. 
The salts could then be completely removed from the columns by elution with 10 15 
bed volumes of N/10 HCl. 


TABLE 2.—DISTRIBUTION COEFFICIENTS OF LITHIUM CHLORIDE BETWEEN MOIST 
DEACIDITE FF (CHLORIDE FORM, WATER CONTENT 18°5°,,) AND ORGANIC SOLVENTS 


Solvent Initial concentration Distribution 
of LiCl (M) coefficient 


Acetone 0-04 124 
Dimethyl! formamide 0-04 18 


* Ke _millimoles adsorbed per gramme of resin 
millimoles per ml in solution at equilibrium 
Adsorption of salts by Deacidite FF 

No adsorption of lithium chloride from acetone or DMI takes place with the 
anhydrous chloride or with the hydroxyl form of the strong-base resin Deacidite FF. 
The adsorption of the salt from moist Deacidite FF (chloride form) from the same 
solvents is given in Table 2. Adsorption of the salt from acetone is consistent with 
the results of KATZIN and Gesert’. The most likely explanation for adsorption by 
moist, strongly-based resins (when precipitation or the possibility of adsorption 
through complex formation is excluded) is that advanced by Davies and Owen,'®’ who 


(9) C. W. Davies and B. D. R. Owen, J. Chem. Soc. 1676 (1956). 
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suggest that adsorption under these conditions is due to preferential solution of the 
salts in the aqueous phase present in the resin. The high retention of water by the 
resin (which is strongly hydrophilic compared with acetone) would result in very 
little dilution by the organic phase of the water present in the resin and the organic 
solvent would virtually remain anhydrous.) Separate experiments have also shown 
that a moist sulphonic acid resin (Zeokarb 225 H* and K* forms) adsorbs both cation 
and anion from acetone solutions of cobaltous and lithium chlorides. The relatively 
low adsorption coefficients obtained with DMF (Table 2) and by KAtz1INn and Gepert“?? 
with tertiary butyl alcohol probably result from partial dehydration of the resin phase 
by these solvents combined with their greater tendency towards salt solvation com- 
pared with ketones. 


CeClo IN OMF 


ACETONE 


10-3 io” 


MILLIMOLES SALT PER ML OF EQUILIBRPATED SOLUTION 


Fic. 1.—Adsorption of salts from anhydrous acetone and from dimethyl formamide 
by Deacidite H (1°, DVB). 


Adsorption of salts by Deacidite H 

Ka values for LiCl, CoCle, CuCle2H20 and Ni(NO3)2°6H20 are plotted in Fig. | 
as a function of the equilibrium concentration in acetone. 

No change in Kg resulted when CoCle-6H20 was substituted for the anhydrous salt 
in these experiments or when a moist Deacidite H resin (water content 13-7 per 
cent) was substituted for the dry resin in the case of LiCl. High and inconsistent 
values of Ka were obtained with CoCls and the moist resin, probably due to precipita- 
tion of cobaltous hydroxide. As with Deacidite FF, no adsorption takes place on the 
dry chloride form of Deacidite H. 

These results indicate that adsorption on dry Deacidite H occurs as a result of the 
formation of amine complexes between the resin functional groups and the salt, i.e. 


xR + MXp =(R MewN),MXp 


| 

Cu Cc 2 

4 |_| 

N NO3). 
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where R(Me)o2N represents the repeating polymeric unit. The mass action equilbrium 
coefficient (K-) for this reaction is 


(R MeoN),MX>p} 
[RMesN}{MX,] 


from which log Ka = Ke «log [RMe2N]. 

Attempts were made to use this equation to evaluate «, by using different possible 
values 1-4 to obtain corresponding concentrations of the uncomplexed resin [R Me2N] 
from the total resin concentration and the concentration of adsorbed salt, but these 
were unsuccessful. This is not surprising in view of the high loadings on the resin and 
the resulting deviations from thermodynamic ideality in the resin phase. It is probable 
also that x varies with the mole fraction of the free resin, and that variable amounts 
of solvent may be included along with the resin amine ligands and anions in the 
co-ordination sphere of the adsorbed metal. The adsorption sequence Cu > Co > Li 
is however consistent with the stability sequence for monomeric complexes with 
the same metals" but the adsorption sequence Co 2 Ni is the reverse of the normal 
order and may result from the use of the nitrate rather than the chloride in the case 
of nickel. 


Ka/[RMe2N}* 


IN} 
ACETONE 


io-5 j “10-2 10-' 
MILLIMOLES OF SALT PER ML OF EQUILIBRATED 
SOLUTION 
Fic. 2.—Effect of crosslinking (°, DVB) on the adsorption of lithium and cobaltous 
chlorides from acetone by Deacidite H. 


(10) A. BE. MarRTect and M. Catvin, Chemistry of the Metal Chelate Compounds. Prentice-Hall, New York 
(1953). 
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Effect of crosslinking 

Kz values for LiCl and CoCle as a function of equilibrium salt concentrations 
using Deacidite H resins of varying nominal DVB content are given in Fig. 2. Ka 
values for LiCl with resins of 2 and 3}°, DVB content are not included but are 
intermediate between those of | and 9°, DVB and almost coincident with each other. 
The variation in the resin capacity (Table 1) renders comparison difficult, although it 
is significant that while Ka values for CoCle increase perceptibly between | and 2%, 
DVB and then drop considerably between 2 and 9°, DVB, those for LiCl vary but 
slightly with DVB content. This effect is understandable from a consideration of the 
relative molecular dimensions of the two salts. 


Adsorption by Deacidite H from DMF solutions 


K, values for CoCls in DMF as a function of equilibrated solution concentration 
are given in Fig. 1. No absorption of LiCl was detected by dry or moist Deacidite H 
(13-7°4 HoO) under these conditions. The reduced Ky values obtained with DMF 
compared with acetone are expected in view of the greater basicity and solvating 
power of amides compared to ketones. 

Comparison of the results obtained in these series of experiments with those 
obtained elsewhere?’ using polymeric triallyl! phosphate indicates that the latter is 
more effective than the tertiary amine resin Deacidite H for adsorbing lithium 
salts from solution, while the reverse is true in the case of cobalt salts. These observa- 
tions are consistent with the affinity sequence of oxygenated and amine ligands 
for alkali and divalent transition metals. 


4cknowledeements—We are grateful to the Permutit Co. Ltd., London, for supplying Deacidite H 
resins. and to Mr. B. K. Rosinson for assistance in some of the experimental work. 
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BOOK REVIEW 


GLENN T. SeanorG: The Transuranium Elements. Yale University Press, 1958. 328 pp., $7.00. 


Tuts remarkable and fascinating book grew out of the Silliman Lectures which the author gave at 


Yale University in May 1957. It covers a great deal of interesting material, ranging from a historical 
summary of the early plutonium project to a rather critical survey of some advanced topics in nuclear 
chemistry and physics. 

A very interesting part is Chapter I, “The Plutonium Story” wherein Dr. Seasoro has arrived at 
a kind of chemist’s Symth Report, which not only gives a historical account of those hectic and 


exciting early times of the Manhattan project but also recaptures some of the flavour of the then new 
science which was developing day by day. Amusing incidents contribute to the authenticity. Speaking 
of the classification difficulties with plutonium and neptunium he relates: * I recall that a code 
name was often used for element 94, even in oral references. Throughout 1941 we referred to it by the 
code name of ‘copper’, which was all right until we found it necessary to introduce the element 
copper into some of our experiments, ... For a while we referred to plutonium as ‘copper’ and 
the real copper as ‘honest-to-God copper’.” 

Step by step the laborious path towards isolation of weighable plutonium was made. *. . . numer- 
ous visitors came to our laboratory to have a look at the fascinating new element. With the supply 
so limited and the experiments to be performed so many, it was not possible to keep much material 
immobilized to show them. It is, therefore, with some hesitation that we may now confess that some 
of the (plutonium) hydroxide samples which were placed on view consisted of the much more available 
aluminum hydroxide colored with green ink; ..." You will find the complete story from discovery 
to production and application authoritatively chronicled here. 

Chapter II, on the chemical properties of the actinides, is a review of the chemistry of this group 
of elements, remarkably detailed, and at the highest level. It should be very helpful as a teaching aid 
to senior and graduate courses in inorganic chemistry as well as those attempting to keep up on this 
field. 

Chapter III contains enough nuclear chemistry for part of a course and might well serve as a 
text or supplementary reading at a level just beyond radiochemistry. It is, therefore, probably ad- 
dressed to a more limited audience. However, if anyone still wonders what all the excitement is about 
in heavy elements, just glance at how much has been observed about nuclear phenomena by use of 
these synthetic elements which otherwise might never have been possible 

In Chapter IV Chancellor SeasorG discusses the even more difficult problems ahead in the dis- 
covery of further new elements. Whole new concepts of chemical separations and identifications must 
be developed as this frontier is extended further. However, there is little doubt that as many fascinating 
phenomena yet remain to be discovered in this field as have already been observed. 

By now it is clear that my suggestion to everyone interested in science is to read as much of this 
book as possible. Some part of it will be of interest to historians, teachers, scientists and perhaps 
even administrators and one or two retired Professors of Inorganic Chemustry. 


Purdue University James W. 
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IDENTIFICATION OF '*“Xe AND MEASUREMENT OF ITS 
CUMULATIVE YIELD FROM THERMAL-NEUTRON 
FISSION OF U* 

K. Worrsperc, D. R. NetHaway, H. P. MALAN* and A. C. Want 


Department of Chemistry, Washington University, St. Louis, Missouri 


(Received 17 February 1959) 


Abstract——'**Xe has been identified as a product of the thermal-neutron fission of ”*U by deter- 
mination of 85 min '**La in the active deposit of highly emanating urany! stearate. The half-life of 


0-006 
003 } of the total 142-chain yield 


*Xe is ~1°5 sec, and its cumulative yield in fission is 0-059 | 


The cumulative yield of "Ne has been redetermined to be 0-205 004 lof the 141-chain vield, in 
agreement with the previously reported value of 0-21 0-02. The ***Xe yield is compared with 
values predicted by various postulates of nuclear charge distributior fission 

The mass number of the 85 min La has been proven to be 142 by its formation from the '“Ce- 


(n,p)'"La reaction 


Many of the short-lived krypton and xenon fission products were identified and 
their half-lives measured by gas-sweeping experiments in which descendants were 


determined in the active deposit.’ Later, cumulative yields were measured by an 


emanation technique involving quantitative escape of the inert gases from barium 
stearate and determination of their descendants."*’ However, due to the difficulty of 
isolating 85 min ‘La, "Xe was not identified, nor was its yield measured 


lon-exchange procedures have now been developed which make possible the 


isolation of **La. They have been used with a modified emanation technique'* to 


identify '**Xe and to measure its cumulative yield. 


EXPERIMENTAI 


The emanating material used was uranyl stearate, which emanates 10 sec "Kr and 3 sec "Kr as 
> 


efficiently’*’ as does barium stearate. The uranyl! stearate was prepared from aqueous solutions of 
sodium stearate and uranyl! nitrate (enriched to 20 per cent in U) by a procedure that has been 
described.'*' Approximately 300 mg were placed in an aluminium cup in the base of an aluminium 
irradiation container of the same design as the one used previously 

Irradiations were performed at the Ww ashington University Cyclotron. Neutrons were produced 
by the *Be(d, )'*B reaction and were moderated by ~9 in. of paraffin. At the position of the irradia- 
tion container a thermal-neutron flux of ~7 10° cm™* sec’, with a cadmium ratio of 80,2 was 


* This work was done under the auspices of the United States Atomic Energy Commission 


+ Present address: University of Stellenbosch, Cape Province, Unio South Africa 
>; The cadmium ratio was measured by determination of "Zr from fission of the uranium enriched to 
20 per cent in **t 
' E. L. Brapy and N. SuGARMAN, Radiochemical Studies: The Fission Products (Edited by C. D. Cornyvett 
and N. SUGARMAN) NNES, Plutonium Project Record, Div. [V, Vol. 9, p. 613. McGraw-H New York 
(1951); C. R. Dittarp, R. M. Apams, H. Finston and A. Turks i, Ibid. p. 616; R. Overstreet 
and L. Jacosson, Jbid. p. 621; C. R. Dittarp, R. M. Apams, H. Frvston and A. Turkevicn, Jbid 
p. 624 
A.C. Wau, J. Inorg. Nucl. Chem. 6, 263 (1958) 
K. WoirsperG and A. C. Want. Unpublished work 
* A.C. Want and W. R. Daniets, J. Inore. Nucl. Chem. 6, 278 (1958) 
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a 30 min irradiation. 


nated from the uranyl stearate powder and decayed in the evacuated 


Stearate were dissolved separately in 


carriers, ~4 ml of 70°, HCIO, were 


thanum a! mg ‘rium. LaF, and Cel 
HF, and d H,.BO,—HNO, mixture 


1 into 0-75 M_ di(2-ethy! hexyl) yrthophosp LOric 
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2-ethyl hexyljortho- 
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‘4 
he inert-gas fission products ¢ 
a space above, depositing their descendants on a filter-paper | 
adac ind tn csu CV rated to fumes of H¢ 1O,. 
2 
; 
n-exchange procedure for lanthanum 
} rr 7 mo les . 1 
‘te from acid s tie ished wi ul Cerium was 
acid 1 -heptane La(OH), was precipitated fro que phase by 
= water, and dissolved in 0-25 M H¢ This solution was contacted with 1-5 M di( iis 
pl tol e for re al ot ttrium and th hy ror is 
6M H¢ The s iporated 
= resin | is 3n nd eter and ~7 cm long. Elution by 2M NH,CNS at 0-02 to 0-025 ml/min 
ren int ane prasecody! The break-throt yn point is detected with a 
™ (ceiver counter a CC ed cr oO ol the cluant fh passed ) 
oe to 0-2 C ne d La,(C,O,), was precipitated and mounted as a SU 
T) cate sar ¢ ere rut ess than 3 hr after the initi fuming operations were completed 
ae The ¢ C ~25 per c It was determine ifter decay of the lanthanum activities, 
2 by neutr Te itio {the ~0°5 rol thanum on the polyethylene disk. A small amount of an 
ee nk ived contaminant appeared in some of tazples 
! ca ers added Delore « iti of the filter paper and uranyl stearate were 10 mg of lan- 
a 2 r of ceriu I ite ilter the f ypera (~25 min after the end of 
ric 4 rd Bz SO as precipitat ren e tl remaining 
¥ 1s B lit Ba fr samples at the same time and to reduce somewhat th 
2 C ( La to tl ‘lex decay curves. Lak s then precipitated from acid solution, 
e HF so ind dissolved in 
NH,OH lissolved concentrated HCI. The solution was passed through 
\ ts forming anionic chloride complexes, e.g. zirconium and 
a b LafOl precipitated, washed, a lissolved in one drop of concentrated 
4 H¢ \ f the t » 30 ml the rare earth elements were adsorbed on 0-25 ce of 
oe D SOW t excl re res The resin was centr 1 and transferred to the top of a Dowex 
a SOW ¢ f 4mm in diameter d 20 cn yng. Lanthanum was separated from the other rare 
a ear ective elution at ~90 ¢ th 1-0 M ammonium lactate (pH 3-32) at ~0-017 ml/min.” 
a Samy er 1 dur $ ervals peaks were observed by precipitation of cerium 
es 4 rium peak ther vas ar m! van before t 
ag 
= t k. As the ypeared (~40 1 fter the start of the elutior 
zr ~50 per cent the lanthanum was collected during the next 
4 La.C.O s collected on What No. 50 filter paper, dried, mounted on cardboard, i777! 
os N._E. Ba R hen Studies: The F Products (Edited by C. D. Coryett and N. SUGARMAN) 
a NNES, I nium Project Record, Div. IV, Vol. 9, p. 1673. McGraw-Hill, New York (1951) 
a » G.W.M ind S. W. M ne. J. Jnor \ Chem. 5, 14 1957) 
a DFP ep. G. W.M 1 L. Mater d W. J. Ds wt. J. Inore. N Chem. 4, 334 (1957) 
nd G. R. ¢ Vu Ci 4, 62 (1957) 
me K. A. K F.} Pp rs of the Int f Conference on the Peaceful Uses of =! 
10<<¢ \ op. 113-125 ted N 1956) 
S xar W. E. Nervix. J. Chem. 59, 690 (1955) 
é 


identification of **Xe and measurement of its ’ 203 


al 


Duplicate samples were completed in about 2} hr after the end of an ir ition. The chemical 
yield was ~65 per cent. It was determined after measurements of radioa ty were completed by 


he ash trom the filt 


ignition of the La.(C.O,),, filter paper, and Scotch tape to constant I} 
paper and Scotch tape was negligible. There was no evidence of rad e contaminat 
samples 

The measurements of radioactivity were made with a side-wind flow, /-proportio 
counter. The activities due to "La and "La were resolved by a 
traction of low-intensity, long-lived c ymponents due to '*’La and lives of 
‘La and '*La were in good agreement with the 231 min and 85 mi ’ rep by SCHUMAN 
et al.’ Corrections for radiation idbsorption and scattering and count 
because the two s imples to De Compared were ol nearly equal weights, were 
and were counted on the same counter 

For calculation of a cumul itive vield, the activities of the two Ssampics 
were corrected tor chen il yield, for loss of uranyl stearate du 
container (~2 per cent, termined by weighing), and for the ~2 
ted The c mulatty id. xpressed iS a traction ol the tota 
of the corrected lanthanum activity from the active deposit by 1 
from the two samy ltiplication by 1-015 (correction fo 
Space betwee in iranvl stearate erains) It was assume d that 


Stearate tor the xenon isot ypes was 100 per cent ind that no apprec 


formed independently after lanthanum. The assumptions are discussed 


RESULTS 


In the first two runs the anion-exchange procedure for lanthanum was followed. 


The decay curves for all samples contained the 85 min '*La component showing 


that '**Xe exists and that it is formed in fission. 


The absolute values for the "Xe cumulative yield calcul: from the data for 
these runs are not considered reliable because the vields calculated fi "Xe do not 
agree, indicating some error in the analysis, and because a bat 
was used that emanated only ~90 per cent of 3-0 sec “Kr 
ratios of the *Xe/'!'Xe fractional cumulative yields (0-24 and 0 
if the emanating power of the uranyl stearate was the same 
These ratios combined with the published value®? for the 'X¢ 
the total chain yield) give 0-051 and 0-066 for the fractional ¢ 
fair agreement with the more accurately measured values dis¢ 

The results obtained with uranyl stearate that emanated 3 per cent of 
3-0 sec “Kr are summarized in Table 1. The cation-exchange procedure for lantha- 
num was followed. 

As can be seen from Table | the precision of the surements was excell 
Ihe agreement between the ™'Xe values calculated from the lanthanum and fron 
cerium activities shows that the samples contained no apprec e radioacti\ 


Av 


taminants. The estimated uncertainties in the average values di errors 
measurements are ~5 per cent for "Xe and ~2 per cent for 
do not include a possible systematic error due to non-quantitative emanation, 
would make the measured values low. The magnitude of such an error would depend 
on the half-lives of the inert gases. 

he half-life of Xe is 1-7 sec.“%) An approximate value 
‘2Xe was estimated from the results of an emanation exper 
1!) See for example, W. F. Bitter, UCRL-2067 (1953) Unput d: A.C. Wa 


R. P. Scuuman, E. H. Turk and R. L. Bu ner. P 
Katcorr and A. U.S.A.E.C. Document MDDC-293 (194 


ee ictions of the chains were 
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pressure. Compared to the experiments conducted in vacuum, the escape of the 
142-chain was reduced by a factor of 1-84, only slightly more than the factor of 1-70 
for the 141-chain. Since the lower emanating power at atmospheric pressure is due 
to the successful competition of the rate of decay of xenon with the rate of diffusion 
of xenon in air,‘*) the half-life of Xe must be only a little less than the half-life of 


say ~1°5 sec. 
Since the uranyl stearate used emanated >96 per cent of the 3-0 sec *Kr, the time 
spent by krypton in the uranyl stearate must be <0-17 sec. If the time spent by xenon 


TABLE 1.—CUMULATIVE YIELDS OF '**Xe AND 


Cumulative yield, fraction of total chain yield 


142Xe 


0-208 


2 0-059 0-205 0-205 

3 0-059 0-203 0-206 
Average 0-059 0-205 0-204 


* Calculated from ™'Ce activities that grew into the lanthanum samples. 


in the uranyl stearate is taken to be <0-2 sec, more than 91 per cent of a 1-5 sec xenon 
isotope would have escaped. Therefore, the average values in Table | should not be 


low by more than 9 per cent. 
In support of the assumption that negligible fractions of the 142- and 141-chains 


are formed independently after lanthanum, these fractions are estimated to be 5 10-3 
and 4 » 10-, respectively, from the normal charge distribution curve’ positioned to 


fit the xenon yields. 
The values and errors chosen for the Xe and ''Xe fractional cumulative yields 
—0-006 0-019 

> 0-05 é 0-205 
are 0-059{ .993)4nd 0-004 


with the value of 0-21 +- 0-02 determined by WAHL’ using barium stearate. 


), respectively. The latter value is in agreement 


DISCUSSION 


The experimental value for the Xe cumulative yield is compared in Table 2 


with those predicted by various postulates of nuclear charge distribution in fission. 
The usual charge distribution curve’? for a chain has been used with the most 
probable charge (Z,) values predicted by the postulates. 

The cumulative yield predicted by the postulate of maximum energy release is not 
in agreement with the experimental value. However, the various forms of the equal 
charge displacement hypothesis and the empirical Z, curve give reasonably good 
predictions. The ™'Xe cumulative yield value was also predicted with reasonably 


4) |. FE. GLENDENIN, C. D. Corvert and R. R. Epwarps, Radiochemical Studies: The Fission Products 
(Edited by C. D. Corvette and N. SUGARMAN) NNES, Plutonium Project Record, Div. IV, Vol. 9, 
p. 489. McGraw-Hill, New York (1951) 
\. C. Pappas. Proceedings of the International Conference on the Peaceful Uses of Atomic Energy, Geneva 
1955. Vol. 7, pp. 19-26. United Nations (1956) 
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accuracy’ by the equal charge displacement postulate and was used in the con- 
struction of the empirical Z,, curve. 
The mass number of the 85 min lanthanum has been proven to be 142 by its 


TABLE 2.—-COMPARISON OF EXPERIMENTAL AND PREDICTED 
“2Xe CUMULATIVE YIELDS 


Postulate Cumulative yield, fraction of total chain yield 


(Experimental) 0-059 
Equal (G., C. and E.)'™* 0-12 
Charge (Pappas)'** 0-12 
Displacement | (S. and G.)'"* 0-07 

(G. and M.)'" 0-07 
Empirical Z, curve 0-10 
Maximum energy release''”’ 


formation from the'Ce(n,p)'*La reaction. Samples of cerium of normal isotopic 
composition (11-08 per cent '**Ce) and cerium enriched to 83-42 per cent in Ce were 
irradiated together in the fast-neutron flux produced by 10-5 MeV deuterons on 
beryllium at the Washington University Cyclotron. The yields of the 85 min lanthanum 
per millimole of '*Ce from the two samples were equal. The energy of the fast 
neutrons was less than the threshold energy calculated for the "Ce(n,d)'"'La reaction. 


‘*) E. P. StemnserG and L. E. GLenpenin, Proceedings of the International Conference on the Peaceful Uses 
of Atomic Energy, Geneva, 1955. Vol. 7, pp. 3-14. United Nations (1956) 
W. E. and G. M. Mitton, J. Inorg. Nucl. Chem. 5, 93 (1957) 
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Abstract—A 60 O21 f e activity has been found in fission products and in rubidium 


bo D-T I eriments with enriched **Rb and *’Rb support its assignment as 


B sc counting with 100-channel pulse analysis indicate groups 
of 0-8 ( MeV (2 C } 0-2 MeV (72 per cent), an 1 possibly 3 2 MeV (~8 per cent), 
nlu (0-44 0-01 MeV (68 per cent), OSS 0-01 MeV (75 per cent) 1-46 0-02 
MeV (75 per cent 1-8 0-03 MeV (16 per cent). The °U thermal fission vields of the 6-0 min 
“Br and the 31-7 Br are (0+ 0-003) per cent and (0-92 0-06) per cent, respectively By 

n products and subsequent milking of the bromine laughters 

€ Se Se xeen measured as 3-3 min and 39 4 sec. respectively. The 

6-01 ‘Br does ippeal row from selenium. The experiments also produce i evidence for a 
lé 3 sec selenn parent of 0 min bromine activit rich 1s probably “Br. 

Tue short-lived fission-product isotopes of bromine have recently received considerable 


attention because of their identification as delayed-neutron precursors By rapidly 

>) 
sweeping bromine gas out of fission-product solutions, PERLOW and STEHNEY'” 
isolated and ! asured delaved-neutron activities of half-lives 54 sec, 15°5 sec, 4-2 sec 


and 1-4 se The 54 period had been shown previously by SUGARMAN to belong 


to ®7Br. The 15-5 sec period appears to be identical with a 15-5 sec bromine found by 
SUGARMAN! and assigned as “Br on the basis of rubidium milk ing experiments. The 
4-2 sec period is dent dentical with the 4-51 sec delayed-neutron activity also 


observed by SUGARMAN”? and provisionally assigned to “Br 
The decrease in half-life th increase in mass number of the bromine delaved- 


neutron rsors prompted Pertow and STEHNEY tentati ely to assign the 1-4 se 


The lighter fission-product brommes “Br, “Br, and ®5Br were identified in early 


fission investigations. The decay of the 32 min “Br was recent studied in detail by 
JOHNSON and O’ KELLEY 

This series of bromu isotopes reveals two features of radiochemical interest: 

(1) the apparent absenc ” which on the basis of simple mass nun ber-decay 

TIO ynsiderat he expected to have a half-life of the order of one 


“Br and for “Kr 
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Short-lived bromine and selenium nuc 


By mass-spectrometric measurement of krypton 
product solutions, BLapes ef found a fission viel 


stable ™Kr. On the other hand, Katcorr ef al 
0-69 per cent for “Br. From considerations of char 


evident that the difference i yields could not be attrib 


of “Kr. It appeared that a more plausible explanation 


uncertainties, might be the existence of a hitherto un 


which a portion of the mass 84 chai uld decay 


isomerism 1s consistent with the low-energy states 
shell model. These states. as derived by anplicatior 
combination of the odd-neutron orbitals Pyro and g 
ANA Py o, are 2 .and 1OHNSO 
the most plausible assigi 
the —6— state offers a possib ; somerism 
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pulse-height analyser. The /-scintillator consisted of a ® in. thick by 14° in. diameter trans-stilbene 
crystal packed in Al,O, and covered with 0-2 mil aluminium foil. The major part of the y-analysis 
was done with 14 in 14 in. and 2 in. * 2 in. Nal(TI) scintillators. 

The computations required for the analysis of /-spectrum data and for least-squares evaluation of 
decay data were performed with an IBM Electronic Data Processing Machine, Type 704 


Chemic al procedures 

I. Quantitative separation of bromine from fission products. The procedure was essentially that of 
GLENDENIN ef al.’ as modified by RAMANIAH The irradiated uranium metal, wrapped 
in aluminium foil, was dissolved in 6FHCI which contained a known quantity of bromide carrier. 
The brom‘* was oxidized to bromine with cerium (IV), extracted into CCI,, and then re-extracted 
with aque N*HSO,. After acidification of the aqueous bromide solution with HNO,, iodine 
activity was removed by « cidation of added iodide carrier to iodine with excess NaNO, and subsequent 
extraction into CCl,. Finally, the bromide was oxidized to bromine with excess KMnQ,, extracted 
into CCl,, and re-extracted into aqueous NaHSO,; this solution was acidified and boiled to expel SO,. 
Silver bromide was precipitated and prepared for counting 

Il. Rapid qualitative separation of bromine from fission products. This separation was performed 
by the method of STRASSMANN and HaHn.'"’ Irradiated UO,(NO,),°6H,O was placed in a distillation 
flask containing bromide carrier and 3FH,SO,. The bromide carrier was oxidized to bromine with 
an equivalent amount of NaBrO,, and the evolved bromine was swept by nitrogen gas into a solution 
containing FeSO, and iodide carrier. The iodide was oxidized to iodine with NaNO, and extracted 
into CCI,, and the bromide was precipitated as AgBr and prepared for counting. 

STEHNEY and SUGARMAN had shown that a 20 sec distillation of this kind carried over less than 
| per cent of the iodine activity in the flask. The procedure was tested for the present work by carrying 
out a 15 sec distillation on a one-week-old fission-product solution representing 10'* fissions. After 
one week of decay the dominant fission-product halogen activities are 8 day I and 2:4 hr I which 
is in equilibrium with 77 hr ***Te. Within experimental error, no activity was observed in the final 
AgBr precipitate 

I11. Rapid quantitative separation of bromine from fission products Irradiated uranium metal was 
placed in a distillation flask containing a known quantity of bromide carrier in hot 3FHCI. After the 
uranium had dissolved (about 2 min), the bromine was oxidized to bromine with cerium (IV), and the 
evolved gas was swept into a receiving vessel. The bromine was then isolated as in Procedure Il. The 
final AgBr precipitate was washed with saturated (NH,),CO, to remove any AgCl resulting from free 
chlorine carried over during the bromine distillation. After the counting was completed, the sample 
was removed from its mount and the AgBr yield was determined 

IV. Separation of selenium from fission products. This procedure, which was adapted from the 
method of Epwarps et al.‘**’ is based on the adsorption of radioselenium on freshly-formed selenium 
metal. Fifteen minutes before it was to be used, a suspension of selenium metal was prepared by 
reducing selenite carrier in conc. HCI with SO,. Tellurite carrier was added as a hold-back carrier 
for fission-product tellurium. The irradiated UO,(NO,),-6H,O was dissolved in the suspension and 
stirred for 30 sec. The selenium was filtered off with a coarse sintered-glass filter funnel, washed with 
conc. HC! and water, and dissolved in hot conc. HNO The resulting selenite solution, diluted to 
3FHNO,, was the parent solution from which the bromine activities were milked 

V. Separation of bromine grown from selenium. Bromine activity was milked from its selenium 
parent by either of two methods: extraction into CCl, or adsorption on freshly-formed AgBr. The 
CCl, extraction was regarded as being more reliable, but the time required for separation of the 
organic and aqueous phases limited its application to selenium half-lives greater than about I min. The 
AgBr adsorption method, developed for the determination of selenium half-lives as short as 15 sec, 
was based on the observation that freshly-precipitated AgBr exchanges rapidly with bromide ion'*®’ 
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and with hypobromite'’*’ at low concentrations, and thus that a AgBr precipitate, when mixed with a 
radioactive selenite solution for a few seconds, would effectively remove all the radiobromine 

Epwarps ef al.,"**’ studying the chemical state of radiobromine grown from selenium parent 
contained in carrier selenite ion, found that about 50 per cent of the bromine existed as bromate at 
pH 8. Apams and GILBERTSON'"’ 
small amounts of HNO,. In the present experiments the growth was allowed to proceed in 
~3FHNO,; under these conditions the bromine should have existed as bromide ion 


found that bromate is readily reduced by selenite in the presence of 


In the CCI, extraction method, the selenite solution obtained from Procedure IV was added to a 
solution of bromine in CCl,, and the mixture was shaken for a fixed time. The time at which the 
shaking was stopped was recorded by stopwatch, and the mixture was allowed to stand 30 sec for 
separation of the layers. The first CCI, layer was discarded; thereafter, successive portions of the 
bromine-CC]l, solution were added, shaken, and drained off. To each of the CClye a vas added 
a solution of iodide carrier in IFHNO,, followed by a solution of NaNO», .o oxiuze the iodide to 
iodine and to reduce the bromine to bromide. The mixture was shaken and separated and the aqueous 
layer was shaken with CCI,. The aqueous layer was again separated and the bromine was precipitated 
as AgBr, weighed, and mounted for counting. The procedure was tested on “Se (25 min), which is 
known to decay to “Br (2:3 hr). Six successive milkings of the bromine activity were performed at 
10 min intervals. The observed half-life for “Se of 24-8 min agreed with the accepted value of 
25 | min 

In the AeBr adsorption method, the adsorbing precipitates were treshly prepared, usually within a 
half hour of their use. After the separation of the radioselenium by Procedure IV, the selenium metal 


was dissolved in 4 ml of hot conc. HNO, and added to a 40 mi centrifuge tube containing the freshly 


precipitated AgBr in 16 ml of 04FNHO,. The suspension was stirred for | min or less, depending on 
the half-life under investigation, and the AgBr was then filtered out on a No. 41 Whatman filter 
mounted on a ground-off Hirsch funnel surmounted by a glass chimney. The filter funnel was 
mounted on a micro bell jar provided with a suction fitting and containing a 100 ml beaker to catch 
the filtrate. After the liquid had been drawn through the filter, the bell jar was quickly removed, and 
the contents of the beaker were poured into a second centrifuge tube containing fresh AgBr covered 
with | ml of 6FHNO,. These cycles, cach with its own adsorption and filtration step, were repeated 
at carefully-timed intervals as often as necessary. Zero time was arbitrarily chosen as that time when 
the AgBr suspension was filtered. After removal of the active filtrate, each AgBr precipitate was 
washed, dried with acetone, and mounted for counting. Since the bromine activity was not uniformly 
distributed in the AgBr, the amount of AgBr recovered could not be taken as a measure of the 
radiochemical yield 

The AgBr adsorption procedure was tested on fission-product "Se. A series of six successive AgBr 
extractions was performed at 25 min intervals, and the AgBr was recovered as completely as possible 
and counted. The half-life of Se as derived from the 2-3 hr decay component in the AgBr samples 
was 23 I min. The decay of the AgBr samples showed evidence of contamination by iodine 
activity which was assumed to have originated from decay of smal! amounts of fission-product 
tellurium adsorbed on the pre-formed selenium metal. In experiments involving the growth and 
measurement of the 32 min “Br, the contribution of the iodine contan tion (principally 52 min ™*1) 
was minimized by / counting through 444 mg/cm* of aluminium. In the experiments concerned with 
the extraction and measurement of *"Br, however, the iodine contaminar in the same half-life 


range could not be eliminated with assurance by counting methods alone. Accordingly, a short 


purification step was inserted prior to the selenium adsorption step. Immediately after removal from 


the reactor, the irradiated UO,(NO,),-6H,O was dissolved in hot 3F HC! and passed rapidly through 
a column of AG 1-X8, 50-100 mesh anion resin. Separate experiments with solutions containing 
milligram quantities of selenite and tellurite ion had shown that under these conditions the selenite 
ion passed through, while practically all the tellurite ion remained on the column. When the “Se—"Br 
extraction experiment was repeated with inclusion of the anion-resin column step, it was found that 
less than 0-5 per cent of the possible iodine activity appeared in the final AgBr precipitate 

VI. Separation of radiobromine from rubidium nitrate. When radiobromine is formed by a 


“Rb(n,x)"Br reaction, the probable contaminants are “Rb and “Rb, produced by the (,2”) reaction 


"® R.R. Enwarps and H. Gest, NNES-PPR, Part VI, Div. IV, Vol. 9, p. 1454. McGraw-Hill, New York 
(1951) 
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“Rb Rb Kr and *’Kr, produced by the (#,p) reaction on and 
bromine activities 
(1) the RbNO. was dissolved in 0-1FHNO, containing bromide car and AgBr was precig 
2) the dissolved 3FHNO a sol of CCI, containing i 
$s were d by s ¢, anc CCl, cont i radiol 
SC] he bromine was then extracted into an aqueous solul of ‘ 
5 Silver de was then precipitated by adding AgNO 
EXPERIMENTAL RESULTS 
Discovery of the 6 min isomer of ™Br 
_ The first set of experiments was carried out to explore the fission-product bre 
: Te es « -life } min. The known activities which fall within this categ 
2-3 hr “Br, 32 min “Br and 3-0 min *°Br. Of these three nuclides and their descenda 
: only the “Br emits any significant amount of y-radiation. The 4-4 hr®°"! 
0-150 MeV ~-ray in its f-decay branch and, at considerable lower intensit) 30% 
e MeV +-ray in its isomeric transition branch; however, its half-life is sufficiently ‘ong 
to permit the determination of its contribution to the total bromine activity 
Because -ray spectrum of the bromine samples at the k g ti f 
irradiat was expected to be predominately that of the 32 min “Br, its hal! 
4 -spectrun remeasured. For the half-life measurement, two porti ' 
were irradiated in the reactor, the bromine was separated by Proced 1, and 
= AgBr samp were counted through 444 mg/cm* of aluminium absorbs th th 
7 standard methane-flow f-proportional counters. Plots of the decay indicated tha’ Vol, 
. from approximately 35,000 counts/min down to background only one comps t we 12 
; present. The half-life as determined from a least-square analysis of the d 1959/6 
31-7 min with a standard deviation of 0-2 min. For all work thereaft he hal 
: of “Br was taken as 31-7 min. The y-spectrum measurement and a test of the validity 
- f the distillation method for isolating pure bromine activity were cx ‘bined 
second experiment A sample of UO,NO.,),6H,0O enriched in “°U wa irradiated 
c the reactor for 3 min, and the radioactive bromine was separated by Proced 1! 
4 A series of 13 successive y-spectrum measurements was made at approximately 5 
in in als starting 30 min after the end of irradiation. Plots of the logarit! s of tl 
. ce 1g rates vs. channel number for the family of spectra showed that the y-ray 
3 spectrum of the active bromine above 0-6 MeV remained constant in shape « t! 
time span coverec 
The search for shorter-lived fission-product bromine activities was beg t! 
rd experiment, similar in technique to the second but conducted on a shor' ! 
é scale. A sample of the *°U salt was irradiated in the reactor for 10 sec i 
radioactive bromine was separated by Procedure I. The distillation of bro 
7 tarted 49 sec after the end of irradiation and was continued for 15sec. The f 
: pectrum measurement was started 11 min after the end of irradiation, and 
7 of 3 min counts (with an additional 2 min required for print-out of data) } 
: Examination of the spectra revealed a component of half-life shorter than 31! 
' [his component was most conspicuous in the 0-9 and the 1-5 MeV photopeaks. Deca) 
: plots of the total counts represented by each peak could be resolved clearly int 
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components of half-life about 32 min and 6 min. Similar plots of the decay of oth 
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-scintillation spectra exhibited short-lived and long-lived c ym ponents 


portions of the ; 
‘he spectrum of the short-lived component was obtained by subtraction of the 
2!-7 min co yponent from the first spectrum observed. The spectra of both components 
hown in Fig. 1. The similarity of portions of the two spectra, particularly the 
photopeaks at 0-9 and 1-5 MeV, suggested that the new activity might represent an 
yer of “Br. 
Energy (MeV) 
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Channe! 
r tittor spectra of 6 min and 32 min components in fissio min 
2 in 2 in. Nal(Tl) crvstal 
32 min component 
6 min component 
“he identity and some of the properties of the postulated isomeric state were 
blished by examination of the bromine activity produced by irradiation of rubidium 
-T neutrons. Samples of RbNO, varying in isotopic abundance were exposed 
for periods of 2-6 min to D-T neutron fluxes of ~3 10'" n/cm* sec at a Cockcroft 
Walto lerator. In the initial irradiations, carried out to determine whether or 
yt the 6 min bromine activity could be produced from rubidium, samples of normal 
*"Rb) rubidium and enriched rubidium (89-62°, **Rb)* were exposed for 
1 the bromine activity was separated by the AgBr adsorption method 
Proced V1). The $-decay of both AgBr samples exhibited 6 min. 31-7 min. and 
35-9 I ymponents. The decay data from the enriched **Rb run are plotted in Fig. 2 
' half-life of the shorter component. as determined by least-squares analysis, was 
#-Os 0-12 min. Comparison of the bromine activities from e two sample 
dicated that both the 6 min period and the 31-7 min period were associated with *"*Rb 
7 ° T? hed isotop vere obtained from the Stable Isotopes Division, Oak Ridge Nat Labora 
y Oak Rid Tenr 
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This result was confirmed by further experiments with highly enriched rubidium 
(95-9°., **Rb) and depleted rubidium (0-9°, **Rb). The bromine from the depleted 
sample was precipitated directly as AgBr and was /-counted. The bromine from the 
highly enriched sample was isolated by the CCl, extraction (Procedure VI) and was 
divided into two portions; the first portion was /-counted, and the second was used 
for the y spectrum analysis described in a later part of this section. The relative sizes 
of the two portions were determined by /-counts of their 31-7 min components. The 


1 


Activity counts /min 


no 
25 50 75 100 125 
Time (min) 
Fic. 2.—)-decay of bromine from D-T neutron irradiation of enriched *’Rb. 


B-decay data of the first portion, together with its absolute counting efficiency 
(computed later on the basis of the #-energy spectrum of the 6-0 min component) and 
the measured activity ratio, were used to compute the /-disintegration rate of the 
6-0 min component in the y-spectrum portion. Least-squares analysis of the /-decay 
data gave a half-life of 5-91 0-20 min for the shortest component. From an 
average of this value and the corresponding value obtained from the irradiation 
represented in Fig. 2, with allowance for possible sources of systematic error, the 
half-life of the short component was determined to be 6-0 + 0-2 min. 

The results of the four irradiations, summarized in Table 1, show that: 

(1) the ratio of the 6-0 min activity to the 31-7 min activity is essentially independent 

of the enrichment of the **Rb: 

(2) the 6-0 min activities are associated with **Rb. 
Because the only bromine-producing reactions expected from 14 MeV neutrons 
on rubidium are of the (”,x) type, it was concluded that the 6-0 min activity is an 
isomer of “Br. 

The y-scintillation spectrum of the 6-0 min “Br was observed with a 1} in. 
1} in. Nal(Tl) crystal. As with the measurements on the fission-product bromine, 
the y-spectrum of the 6-0 min component was obtained by subtraction of the spectrum 


of the 31-7 min component from the gross spectrum observed at earlier times. The 
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y-scintillation spectrum of the 6-0 min “Br obtained in this manner is shown in Fig. : 

A series of six spectra, taken at approximately 5 min intervals and treated in the same 
manner, showed that the photo-peaks at 0-44, 0-88 and 1-46 MeV decayed with a 6 min 
half-life. 

The /-scintillation spectrum of the 6-0 min isomer of “Br was measured on a 
second source of *7Rb(n,x) origin. The source consisted of 8-4 mg/cm* of AgBr in a 
0-Scm diameter circle on filter paper mounted on cardboard and covered with 
9 mg/cm? of Scotch tape. As with the y-spectra, two sets of measurements, one of a 


TABLE 1.—BROMINE ACTIVITIES PRODUCED BY D-T NEUTRONS ON RUBIDIUM 


Counts/min “Br* 
6-0 min “Br 6-0 min “Br 


Counts/min “Br 
31-7 min “Br 35-9 hr * Br 


34,250 
15,156 
8055 
1000 


* Corrected for decay during irradiation. 


composite of the 6-0 min and 31-7 min activities, and the other of the 31- ‘7 min 
component were required. A Fermi-Kurie plot of the /-spectrum of the 6-0 min 


component, plotted in Fig. 4, could be resolved into groups of end- -point energies 
3-2 MeV (8 per cent), 1-9 MeV (72 per cent) and 0-8 MeV (20 per cent). Inasmuch as 
the §-spectrum above 1-9 MeV was mainly that of the 31-7 min *’Br, the intensity of 
the 3-2 MeV component may be in error by a factor of two. The observed radiations 
of the 6-0 min “Br are summarized in Table 2. Because of the relatively low source 
intensities available, as well as the rapid decay of the isomeric “Br, only the dominant 
y-rays and §-ray groups could be measured. However, it is noteworthy that the three 
lowest- -energy y-rays occur in approximately equal intensities, which together with 
the intensity of the 1-9 MeV j-ray group, indicate that these three y-rays represent a 
cascade to the “Kr ground state from the level fed by /-decay of the 6-0 min “Br. 
The sum of the four energies involved gives a Q, of 4-68 MeV, with a probable error 
of 0:30 MeV. The Q, for the 31-7 min “Br has been given’ as 4-71 MeV; the 
similarity in the Q, values and the rather large energy uncertainty assigned to the Q, 
of the short lived isomer do not permit a conclusion as to which is the upper state. 

DUFFIELD and LANGeR," in an earlier investigation of the 31-7 min “Br, looked 
for a short-lived isomeric daughter of this species. On the basis of a Szilard—Chalmers 
reaction, they concluded that such an isomer, if it exists, has a half-life less than 30 sec, 
or the y-ray associated with the isomeric transition is not sufficiently converted to give 
a measurable separation of the isomers. Since the present work developed informa- 
tion which these investigators did not have, namely, the definite existence of a 
short-lived isomeric state, an experiment similar to theirs was repeated to ascertain 


1) R. B. Durrretp and L. M. Lancer, Phys. Rev. 81, 203 (1951). 
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whether the 6-0 min state was formed by isomeric transition from the 31-7 min state. 


A sample of 31:7 min “Br, isolated from fission products, was incorporated in 


tribromophenol, and the latter was dissolved in benzene. This solution was shaken 
with four successive portions of an aqueous phase containing bromide carrier, and 
silver bromide was precipitated from each of the aqueous extracts. The counts of 
each of the precipitates corresponded to about 10~* of the original 31-7 min “Br 


TABLE 2.—RADIATIONS OF 6-0 min “Br 


(a) Principal y-rays 


Er erey 
(MeV) 


0-01 
0-01 
0-02 
0-03 


activity, each decaying with a half-life of about 32 min. None of the san ples showed 


any indication of a shorter-lived component. From these results and from a 


comparison of the y-spectra of the 6-0 min and the 31-7 n someric states, 1t was 


concluded that the former is not produced by isomeric transition from the latter. 


Half-lives of ™Se. *°Se and 


The half-lives of “Se and ™Se were determined by periodic extraction and 
measurement of the daughter 31-7 min and 3-0 min bromine activities wt ich grow from 
fission-product selenium. In addition, the half-life of another: on-product selenium 
isotope, probably **Se, was determined by measurement of the 56 sec bron ine activity. 
Separate experiments were carried out for each of the selenium half-lives so that the 
growth periods could be optimized for the individual cases 

[he half-life of “Se was determined by two separate exper 
technique by which bromine was extracted. In the first, a solution of the selenium 
activity, prepared by adsorption from fission products on freshly precipitated selenium, 
as described in Procedure IV, was shaken with six successive portions of CCl, 
containing free bromine carrier. The time intervals betwee iccessive extractions 
were 2:5 min, except for the first extraction, in which the growth interval was only 
20 min. The bromine activity was precipitated as AgBr, and was /j-counted through 


Relative y-Rays per 
intensity »-clisinteg 
0-44 9] 0-68 
0-88 100 0-7 
1-46 100 0-7 
1-89 2? 
(b) /-Ray groups 
End-point energy Intensity 
lov fi 
(MeV) ( ) = 
Sl. 
O-8 0-1 
12 19 0-2 72 5-0 
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444 mg/cm? of aluminium absorber for 5 hr. In the second experiment the bromine 
activity was milked from the selenium solution by the AgBr adsorption technique 
described in Procedure V. Seven AgBr extractions were performed at 2-0 min 
intervals, and the AgBr samples were recovered as completely as possible and counted. 
The data from both experiments are plotted in Fig. 5. The first point in the curve 
obtained by the CCI, extraction method has been adjusted for the difference in growth 


Br activity at separation time counts /min 


84 


10 
Seporation time (min) 


Fic. 5.—-Decay of “Se, computed from activities of “Br extracted from fission-product 
selenium 

Extracted with silver bromide. 

Extracted with carbon tetrachloride 


interval. These two determinations of the “Se half-life. with allowance for possible 
sources of error, yielded an average value of 3-3 + 0-3 min. 

In the two experiments described above, the /-counting of the bromine samples 
was begun about 60 min after the bromine had been removed from the parent selenium 
solution. The decay of each sample showed only the 31-7 min component. The 
question of possible growth of the 6-0 min bromine from “Se was treated in a separate 
pair of experiments in which the decay of bromine activity grown from fission product 
selenium was compared with the decay of bromine separated directly from fission 
products. In the first experiment a sample of enriched UO,(NO,),°6H,O was 
irradiated for 3 min, and the separation and clean up of the fission product selenium 
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were completed 3 min after the end of irradiation. After the selenium had decayed an 
additional 3 min, the bromine activity was extracted from it by the CCl, method and 
y-counted on a scintillation apparatus set to record y-rays of energy — 0-5 MeV. In 
the second experiment the UO,(NO,),°6H,O was irradiated 30 sec, and the bromine 
separation was completed 95 sec after the end of irradiation. The y-decay of the 
bromine milked from selenium had no detectable amount of a component with 
half-life shorter than 31-7 min. The y-decay of the directly separated bromine, on 
the other hand, exhibited components of half-lives 31-7 min, ~5-5 min and ~1 min. 
The shortest period may be that of **Br. These results lead to the conclusion that “Se 
decays preponderantly to the 31-7 min isomer of “Br, and that most of the 6-0 min 
“Br is produced independently in fission. 

The half-life of *°Se was determined by the same general method employed for “Se, 
but the relatively short half-life (3-0 min) of the daughter *°Br necessitated the 
simultaneous use of separate /-counters for each of the bromine extracts. Three 
f-counters were employed, and thus three bromine extractions could be performed on 
a selenium preparation. The over-all *°Se decay curve was obtained from a series of 
similar milking experiments, the timing sequences of which were adjusted to provide 
an overlap in decay time, i.e. the first milking of the second sequence was completed 
at the same number of seconds after the end of irradiation as the third milking of the 
first sequence. The time available for manipulation in this experiment did not permit 
thorough recovery of the preformed AgBr precipitates, and the non-uniformity of 
adsorption of the active bromine on the precipitates precluded determination of 
radiochemical yield by the conventional weighing method. Instead, measurement of 
the activity of the 31:7 min “Br, daughter of 3-3 min “Se, was used to determine 
radiochemical yields. The UO,(NO,),°6H,O was irradiated for 15 sec, the selenium 
was separated by Procedure IV, and the bromine activity was extracted from it by the 
AgBr method of Procedure V. In the first milking sequence the three bromine growth 
periods were 103-137 sec, 137-167 sec and 167-197 sec after end of irradiation; the 
growth periods for the second sequence were 167-197 sec, 197-227 see anc 
sec. The timing of the individual AgBr separations was known to +3sec. The 
samples were /-counted through 272 mg/cm? of aluminium absorber, which had the 
effect of minimizing contributions from “Br grown from “Se. For the 6 hr span 
covered by the /-counts, the decay curves of the samples exhibited only 3 min and 
32 min half-life components. The **Se decay data derived from these f-counts are 


997_957 


plotted in curve A of Fig. 6. 

A source of concern in the above experiments was the possibility that the bromine 
from /-decay of selenium could occur in chemical species which do not exchange 
rapidly with the pre-formed AgBr adsorbent. A partial answer to this concern was 
sought in a second experiment in which the first milking sequence was carried out with 
hot solutions (~80°C) and the second with cold solutions (~5°C). The results 
plotted together in Curve B of Fig. 6, show no indication of a temperature dependence 

As a rough check on the AgBr adsorption method, a milking experiment was 
carried out by the CCI, extraction procedure. Three milkings were conducted at | min 
intervals, representing about the limit of speed possible with this procedure. The 
results are plotted as Curve C of Fig. 6. The results embodied in all three curves of 
I ig. 6 are consistent with a "Se half-life of 39 4 sec. 

In exploratory experiments involving the extraction of bromine from selenium 
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which had been separated very rapidly from fission products, the decay of the bromine 
d a prominent component of half-life about | min. The agreement of 
with the one reported for *’Br indicated that a measurable amount of 

ved until the time of the bromine extraction. Accordingly, to determine 

Ilf-life of *’Se, four separate irradiations of uranyl nitrate were made, with only 

> extraction performed in each case. Each of the irradiation times was 
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intervals were 92-115 sec, 111-130 sec, 120-143 
d in terms of time after end of irradiation 
1 1310 mg/cm* of aluminium absorber 
nting of only the relatively energetic f-particles of Br and ™Br. The 
31-7 min components, and as in 
ent, the 31-7 min component was used in conjunction with the 
-asured “Se half-life to normalize the 1 min components to a common 
| yield. A preliminary plot of the 1 min components without regard to 
1 growth period gave an apparent half-life of 15 sec for the selenium 
half-life of **Br (56 sec) and the approximate half-life of the 


counted throug! 


were resolved into 1 min and 
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observed selenium parent were inserted in the parent-daughter expression 


he 


A, — A, 
and the relative values of A,(t;) were again plotted as a function of 1; (I ig. 7). The 
results, though considerably less certain than those of **Se, indicate that the | min 
bromine activity grows from a selenium parent of half-life 16 3 sec 

As a test of the internal consistency of the experiments that established the half- 
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lives of ®°Se and **Se, the bromine decay data were used to compute the fission \ 
of *°Se and *’Se relative to the fission yield of “Se. The computations for 
experiment were carried out in a conventional manner 
(1) the decay components of the first bromine sample separated fron 
were extrapolated back to the time of separation, Le C 
growth period, and the “zero time” counting rates so obtained were 
verted to absolute disintegration rates; 


from these disintegration rates and from the half-lives of the Se 
daughter pairs, the disintegration rates of “Se and of 
isotope were Computed as of the beginning of the growt 
these selenium disintegration rates, extrapolated to the end « he irrad 
and corrected for decay during irradiation, gave the fission yield rat 
‘Se) y(™Se) 
The ratio of the counting efficiency of “Br with the various absorbers to the counting 
efficiency at zero absorber had been established by direct 
corresponding ratios for *°Br and “Br were estimated from various mpuiri 
The /-counting efficiencies for all three bromine isotopes at zero absorber 


assumed to be identical. With the half-lives of “Se and ®*Se taken as 3-3 min and 39 
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sec, respectively, the fission yield ratio ¥(°°Se)/ ¥(**Se) was 1-00 for the CCl, extraction 
method, 1-15 for the AgBr adsorption method, and 1-16 for the AgBr ‘adsorption 
method from hot and cold solutions. The corresponding *°Se fission yields, based ona 
yield of 0-98 per cent for “Se, are 0-98, 1-13 and 1: 14 per cent. These values are in 
agreement with a 85Se fission yield of 1-12 per cent calculated by assuming that 84 
per cent of the mass 85 chain (1-30 per cent)'*”? is produced by predecessors of *°Br. 
With the half-life of ®’Se taken as 16 sec, the fission yield ratio Y(*’Se) y(™Se) was 
2-06. The corresponding *’Se fission yield is 2°02 per cent. The expected yield is 
estimated to be 1-37 per cent, based on the assumption that 56 per cent of the chain 
yield (2-44 per cent) 1s produced by predecessors of ‘Br. This discrepancy does not 
appear unreasonably large in view of the uncertainty in the half-life of 87Se and of the 
fact that the *’Se activity was extrapolated about six half-lives from the beginning of 
the growth period back to the end of irradiation. 

In the discussion thus far, the assumption has been made that the | min bromine 
activity observed was that of **Br. However, in the light of estimates of the /-ray 
energy and probable half-life of **Br, it is possible that the | min component observed 
in the bromine decays is the still-unidentified °°Br, and thus that the parent half-life 
measured is that of **Se. The sources that could be handled by the present techniques 
were not strong enough to permit positive identification of *’Br by neutron counting. 


Fission vields of the 6-0 min and 31-7 min isomers of “Br 


The 22°U thermal neutron fission yields of the 31-7 min and 6-0 min isomers of 
“Br were measured in separate experiments. For each determination, a sample of 
uranium metal (93°, 7°°U) wrapped in aluminium foil was irradiated at the edge of 
the sphere of uranium solution which constitutes the core of the water Boiler. After 
the uranium and its wrapper had been dissolved in HCI containing known weights of 
bromide and molybdenum carrier, the bromine was separated from solution, and the 
residue was set aside for **Mo analysis. The **Mo served as a monitor of the number 
of fissions in the sample. This 66-4 hr f-emitter (fission yield = 6-06 per cent) is the 
radiochemical fission reference standard used at this Laboratory, and the empirical 
ratio K = fissions/**Mo activity is determined by radiochemical analysis of a ™U 
sample in which the number of fissions has been determined by comparison fission 


counting. 
In the measurement of the 31-7 min “Br (isolated by Procedure 1), the purified 


bromide sample was /-counted through 444 mg/cm* of aluminium absorber to 
minimize the radiations from “Br and *’"Kr. The effect of the absorber on the 
counting efficiency of the “Br was determined separately by comparison of counting 
rates with and without absorber of a sample of the material produced by the 
"Rb(n.x)Br reaction. The /-counting efficiency at zero absorber was calculated by 
reference to an empirically-determined calibration curve relating counting efficiency 
to average /-energy,*” and was estimated to be accurate to +S per cent. The 
31-7 min “Br activity was corrected for the finite length of the irradiation and for 
growth from a 3-3 min predecessor. The fission-yield values obtained from duplicate 
determinations were 0-905 and 0-927 per cent. With estimated uncertainties of 6 per 


4. Perruska. H. T. THope and R. H. Tomiinson, Canad. J. Phys. 33, 693 (1955): Summary of 


J 
Canadian mass spectrometric data 
20) B. P. Baywurst and R. J. Prestwoopo, Nucleonics 17, No. 3, 82 (1959). 
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cent in the number of “Br atoms and 3 per cent in the number of fissions, the fission 
yield was determined as (0-92 ++ 0-06) per cent. 

In the measurement of the 6-0 min “Br, the irradiation time and the time to 
separation of the bromine were kept as short as possible to minimize the contribution 
of the 31-7 min isomer. Because of the contribution of the 3-0 min ®*Br. together with 
the relatively low intensity of the 6-0 min “Br, the latter could not be measured 
directly by /-counting. Instead, a series of y-scintillation spectra was recorded and 
the area of the 0-44 MeV photopeak was taken as a measure of the 6-0 min activity. 
Then, the 0-44 MeV photopeak was calibrated in terms of disintegration rate by 
comparison of y-spectrum and /-decay measurements on the 6-0 min component in a 
sample of bromine prepared by *Rb(n,x)*Br. The fission-yield values obtained for 
duplicate determinations were 0-0190 and 0-0198 per cent. With estimated uncertain- 
ties of 15 per cent in the number of bromine atoms and 3 per cent in the number of 
fissions, the *°U fission yield of the 6-0 min isomer of “Br was determined as 
(0-019 = 0-003) per cent. The total fission yield of “Br thus came out to be (0-94 
0-06) per cent. This value is in good agreement with the (1-02 + 0-05) per cent 
fission yield reported for “Kr. 


Search for shorter-lived activities 

\ few preliminary experiments were undertaken in a search for new bromine 
activities of half-life 0-5-3 min. In these experiments, samples of uranyl nitrate were 
irradiated in the Water Boiler for 15 sec and the bromine activities were swept from 
the fission-product solution by Procedure II, and the mounted sources were observed 
with a y-scintillation spectrometer. A series of spectra observed at times up to 8 min 
after the end of irradiation showed y-rays of energies 1-42, 1-56, 2-0, 2-4, 2-7 and 
3-2 MeV, the intensities of which decayed with a half-life <1 min. Of these y-rays, 
only the two most prominent, at 1-42 and 1-56 MeV, were measured with sufficient 
accuracy to permit establishment of a definite decay rate. Their half-life of about 
56 sec suggests that they belong to *’Br. 

The question of the identification of **Br remains unsolved. From the nuclear 
sheil model considerations outlined in the introductory portion of this paper, and in 
particular from the fact that the 15-5 sec “Br may be expected to have a shell structure 
similar to that of **Br, a half-life of <0-5 min for the latter appears unlikely. On the 
other hand, the apparent absence of half-life components other than | min in the 
f-decay curves (from counts through 1310 mg/cm* of aluminium) of the bromine 
activities milked from short-lived selenium implies that if the half-life of **Br is 

0-5 min, the half-life of its selenium parent is <15 sec. The remaining possibility, 
that the half-life of **Br lies in the range 50 to 60 sec and hence that the | min /- 
component observed consists of a composite of the decays of *’Br and **Br, was not 
excluded in the present work. For this reason, the selenium parent of half-life 16 

3 sec may be **Se or *’Se. 

Although the identification of the 16 + 3 sec selenium activity remains in doubt, 
its assignment to *’Se helps resolve a portion of the discrepancy between the fission 
yields reported for *Br and **Rb. The fission yield of **Rb based on mass spectro- 
metric measurements has been reported by Canadian investigators"! as 2-49 per cent. 
On the other hand, the fission yield of “Br was measured by STEHNEY and 
SUGARMAN," who found a value of 3-13 per cent, referred to a '*Ba fission yield of 
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adjustment to the presently used fission yield of 6°55 per cent for °Ba 

alue to 3-25 per cent. STEHNEY and SUGARMAN set an upper limit of 
elenium precursor and used no parent 
putations of the “Br yield. However, the parent 

nium parent and a 56 sec bromine daughter lowers 

) for that portior 1¢ * Br which grows from 

87 chain is assume I pr rduced directly as 

oduced as predecessors of Br. inclusion of the 


the measured *’Br fission yield from 3-25 to 2-69 


e additional assumptions that 2 per cent of the “Br decays are 


ston, that 8 per cent of the mass 87 chain is produced 
hain yield is enhanced 4 per cent as a result of delayed- 
ay ol “Br, the fission yield of 2-49 per cent for **Rb 
2-24 per cent for **Br. The discrepancy between the 
direct measurement of the Br and the 2-24 per 

“Rb vield does not appear unreasonably large in view 
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complete separation from the other fission products than was obtained if slower flow rates and longer 
digestion periods had been employed 

A 2 ml sample of uranyl nitrate solution (~850 mg U/ml) contained in a pneumatic transfer tube 
“rabbit” was irradiated for 2 min in the ORNL Graphite Reactor in a typical experiment. The 
micarta “rabbit” that was used is similar to that described by O’Kettey et al.'*’ except that it contained 
a stainless steel liner to hold the liquid sample. The “rabbit” was ejected from the reactor and dropped 


Fic. la.—The +-ray spectrum produced by fission product gallium 


into a shielded holder for 2 min at the end of an irradiation to permit decay of the very short-lived 
nuclides. The liquid sample was then transferred pneumatically to a separatory funnel containing 
2 ml of gallium carrier (~10 mg of Ga/ml), 2 ml of barium carrier (~10 mg of Ba/ml) and 6 ml of 
12 M hydrochloric acid. The solution was then contacted with 12 ml of diisopropyl! ether for 15 to 
30 sec. The 12-8 day **°Ba was separated from aliquot samples of the aqueous phase to provide a 
fission-yield standard. The separation procedure of GLENDENIN,"*) which is based on the simple 
precipitation of BaCl 2H.O, was used. The gallium was back extracted into 10 ml of water after 
washing the ether layer with three 5 ml portions of 6 M hydrochloric acid. This solution was made 
about | M in hydrofluoric acid and then was passed rapidly with compressed ait through a Dowex-1 
resin column to adsorb the molybdenum. The effluent was collected in 5 ml of concentrated hydro- 
bromic acid 

The hydrobromic, hydrofluoric acid mixture was evaporated over an open flame. Excessive loss 
of gallium due to volatilization was avoided by evaporating the sample just to dryness The residue 


*) G. D. O’Keitey. N. H. Lazar and E. Eicuter, Phys. Rev. 102, 223 (1956). 
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was immediately dissolved in 10 ml of chilled 6 M hydrochloric acid and the gallium was extracted 
with 10 ml of cold diisopropyl ether. After washing the ether extract twice with 5 ml portions of 
6 M hydrochloric acid, the gallium was back extracted once more into 10 ml of water. This aqueous 
sample was then made 0-3 M in hydrochloric acid after adding bismuth (~10 mg) and molybdenum 
(~3 mg) scavengers. After their precipitation with hydrogen sulphide and removal of the 
precipitate, additional molybdenum (3 mg) was precipitated with x-benzoinoxime. The filtrate 


——, 
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c 


~ 


FiG. 1b.—The y-ray spectrum produced by “Ga from “Ge(n,p) 


from the oxime precipitate was then made slightly basic with 6 M ammonium hydroxide and 
precipitated with 8-hydroxyquinoline reagent The gallium 8-hydroxyquinolate precipitate was 
filtered on a weighed filter-paper disk and mounted for activity measurement 


Nuclear measurement 
y-ray spectra were measured with a 3 in 3 in. cylindrical sodium iodide crystal. Normally a 
1-3 g/cm* polystyrene disk was placed between source and crystal to absorb /-radiation. Two types 
of spectral runs were performed 
(1) complete spectra were observed for comparison with the spectral shape obtained from (n,p)- 
produced ‘Ga: 
(2) the decay of the intense 0-60 MeV y-ray was observed by measuring the low -energy portion 
of the spectra as a function of time 
The /-decay of **Ga samples was followed with an end-window gas-flow proportional counter 
For fission yield determinations, both the **Ga and the *°Ba disintegration rates were obtained from 
y-ray spectra. The '**Ba spectra were taken soon after separation to minimize '“*La growth 
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RESULTS 

‘ope identification 
spectrum produced by the gallium sample after separation from fission 
shown in Fig. la, while that produced by a sample of ™4Ga resulting from 
is given in Fig. 1b. The spectrum in Fig. la is a composite of two spectra 
v»low ~)-80 MeV from a very pure but weak source. the portion above 
fro source with more activity but somewhat contaminated with !"Tc 
tially no high energy y-rays. It is seen that the fission product gallium 


fr 


frum in good agreement with that from 7*Ga 


RESULTS OF DETERMINATION OF FISSION YIFE! 
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12 . study of the fission-produced “Ga is shown in Fig. 2. The indicated 


0-4 min is in good agreement with the value of 7-8 ()-2 
1 to this nuclide.@’ The extrapolated activity of the lonvest-lived 


tive to that of 8 min 7*Ga is of the magnitude to be expected fi 
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and the ~ 13 min c mmponent probably is 
decay of the 0-6 MeV y-ray is shown in Fig. 3 


ved from this independent study 


d in the fission process, 
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An 0-4 min 


er the 0-60 MeV y-ray peak of Ga and the 0-54 MeV 
cited for decay, for degree of saturation during irradiation. for 


trinsic peak efficiency. The fission yield of "*Ga was then c 
bsolute fission yield of '“°Ba using the respective absolute y-ra 
of y-rays per disintegration). Table | lists the data for two s 


Averaging the two results gives a vield of 3-4 )-* ner cent with an 


eparate 


20 per cent; this is in good agreement with the value obtained 
mass-vield data.“ 
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Abstract—New half-life values have been obtained for '**Pm and *'Pm. These radionuclides were 
produced by short concurrent neutron irradiations of enriched Nd isotopes and purified by ion 
exchange chromatography after the decay of the Nd parents. Counting conditions and instruments 
were selected to minimize the small mutual interferences of the two radionuclides. Half-life values 
obtained are 53-09 — 0-09 hr for '**Pm and 28-40 -- 0-04 hr for *'Pm 

-Ray scintillation spectrometry showed only one prominent y-ray in the decay of **Pm at 286 keV. 
This y-ray is present in about 2 per cent abundance. '!Pm exhibited prominent y-rays at 71, 108, 
170, 342 and 442 keV. 


Ha.r-Lire values for Pm as reported in the literature’:*’ vary from 47 to 55 hr. 
Only one measurement for the half-life of *'Pm is reported, 27-5 hr." In addition, 
information on y-ray abundances in **Pm is meagre. 

In order to measure the half-lives of these radionuclides, simultaneous irradiations 
of enriched “Nd and “Nd in individual quartz capsules were carried out. The 
49Pm and the ''Pm resulting from these bombardments were purified and the half- 
lives measured by direct decay measurements on several different types of counting 
instruments. Corrections were applied to the data, when necessary, for the activity 
contributions from small amounts of ’Pm and for '**Pm and *'Pm when they were 


contaminants of each other. 


1. EXPERIMENTAL DETAILS 


Ten milligrams each of enriched '**Nd (89°%,) and '°’Nd (95%) were irradiated in a high flux 
region of the Materials Testing Reactor to form *Nd and '*'Nd by the (n, 7) reaction. Subsequent 
i~decay of these Nd isotopes gave **Pm and 


n » 


- I Fu (stable) 


Nd — 
The Pm isotopes were separated from the Nd and activated rare-earth impurities by ion exchange 
chromatography.'* A centre cut of the Pm fraction from each of the samples was diluted to an 
arbitrary volume and measured aliquots were taken from each and prepared for counting in a manner 
dependent upon the instrument to be used. 

For measurements made in a high-pressure y-ray ionization chamber'*.*’ the aliquots were evapo- 
rated to dryness in 50 ml lusteroid tubes. A similar procedure, with 20 ml lusteroid tubes, was used 
for samples followed on a well-type y-ray scintillation counter. For counting in a 47 geometry 
}-proportional counter aliquots were evaporated on VYNS films w hich had been gold-plated on both 
sides. Samples were prepared for counting on flow-type, side-window //-proportional counters by 
adding inactive Nd carrier in known amounts and then precipitating Nd oxalate by the addition of 


D. Stromincer, J. M. HoLLANper and G. T. Seasora, Table of Isotopes, Rev. Mod. Phys. 30, 585 (1958) 
W. C. RuTLepoe. J. M. Cork and S. B. Burson, Phys. Rev. 86, 775 (1952) 
L. R. Bunney, E. C. Fremurnc, L. D. McIsaac and E. M. Scappen, Nucleonics 15, No. 2, 81 (1957) 
4) J. W. Jones and R. J. Overman, AECD-2367 (1948) 
 C. Borkowsk!, Analyt. Chem. 21, No. 3, 350 (1949) 
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ammonium oxalate'*’ so that the corrections for contaminants obtained from the larger aliquot could 
be applied to the smaller aliquots by adjusting for chemical yield and aliquot size. The Nd oxalate 
was filtered onto a weighed Whatman No. 42 filter paper, 2:3 cm in diameter. The precipitates were 
washed, dried, weighed and mounted on brass planchets for the decay measurements. The initial 
counting data for the Pm samples was obtained as soon as possible after the irradiation in order to 
minimize any ‘**Pm contamination 

The initial decay points were obtained approximately 60 hr after irradiation in the case of “'Pm 
The '**Pm samples were allowed to decay for a period of 12-5 days before utilizing the counting data 


28 34 


TIME (DAYS) 
Decay of Pm followed on a flow-type, side-window /-proportional 
counter through 42-5 mg/cm? of Al 


for half-life calculations in order to minimize any * ‘Pm contamination. Where long-lived, low-level 


contaminating activities, such as "Pm, were present, the appropriate corrections to the decay data 


were made from measured aliquots which were very much larger than the original ones This per- 
mitted these corrections to be made with a greater accuracy than would have been possible using the 
original aliquots. Where appropriate, analytical methods" were used to obtain the correction 
After the corrections to the counting data had been made, the data from the '**Pm samples which 
were counted in the flow-type, side-window /-proportional counter were submitted to a weighted 
least squares analysis, 1.¢. each point was weighted according to the total counts taken at that point. 
All other data from both **Pm and *'Pm were submitted to the unweighted least squares analysis, 


‘) F.C. Premine and L. R. BuNNey, Nucleonics 14, No. 9, 112 (1956) 
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point was | weig! 


it in the calculations regardless of how many counts had been 

that point rhe unweighted least squares analyses were performed on those systems which 
its since a generally accepted method for performing a weighted analysis on such 
has not been developed 


compon 


Figs. 1, 2 and 3 are representative examples of two of the different methods of 


obtaining decay data for the two isotopes. Fig. | presents the decay data for two of 
+} 


il 


1¢ aliquots of '“*Pm which were counted in the flow-type, side-window }-proportional 
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countel 


These particular aliquots differ in volume by a factor of twenty. 
decay was followed for a total of sixty days 


juot taking fi 


Their 
through 14-9 half-lives for the smaller 
orty-nine points and through 16°8 half-lives for the larger aliquot, 
h was withdrawn twenty-four days later, taking sixty points. 
the graph, the 


half-lives wit 


As can be seen 
49Pm activity decayed through a factor of 10’ or twenty-five 
hout any detectable contamination appearing. Any Pm contamination 
was minimized by counting through 42-5 mg/cm* of Al. 
Figs. 2 and 3 present the decay data of two of the 'Pm aliquots which were 
counted in the well-type y-scintillation counter. Fig. 3 is the decay plot of one of the 
2 is the decay plot of the larger aliquot which was withdrawn 


From these two graphs, it can be determined that in the 


original aliquots and Fig 


ater. 


twentv-two days lat 
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region where the half-life of 'Pm was measured (about 2-11 davs after irradiation), 


the contribution of "Pm and '?Nd together to the total activity rose from | 002 
to 0-3 per cent and the contribution of “*Pm rose from 0-52 5:2 per cent. Only 


the '’Pm activity was subtracted from the original decay points to obtain th 


data 


for the half-life determination of 'Pm since the "7Nd and ™“ | 


contributions were 


insignificant in that region. The amount of “®Pm activity subtr 


activity in each of the smaller aliquots was calculated on a dir 


shown in Fig. 3 which shows the original decay points, th 


the total activity and the subtracted points 


2. RESULTS 


The results obtained for “*Pm and ™'Pm are presented in Tables | and 2, respec- 
[he uncertainty quoted is the standard deviation of set of 
measurements. In obtaining the a\ erage, each individual determination was weighted 
by the reciprocal of the standard deviation of the individual points from the line 


obtained by least squares analysis 


y-Ray pulse height distributions were obtained channel scintillation 
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TABLE 1.—Resutts or '**Pm HALF-LIFE DETERMINATIONS 
Determination Std. dev. of Half-life 
Counting instrument 
Ng no. decay points (hr) 
00034 
0-0028 53: Side-window §-proportional 
0-0034 counter 

0-0034 
0-0018 
: 4m beta proportional counter 
3 0-0010 
7 Weighted av. 
TABLE 2.ResuLts OF *°'Pm HALF-LIFE DETERMINATIONS 
4 Determination Std. dev. of Half-life : 
Counting instrument 
- no. decay points (hr) 
0-002 
0-002 “49 Side-window f-proportional 
0-003 counter 
0-002 
0-001 Vol, 
0-002 3-2! Well-type +-scintillation 12 
0-002 counter 1959/6 

) 
0-002 
0-003 High-pressure y-ionization 
Weighted av. 
PROMINENT 7/-RAYS OBSERVED IN THE DECAY OF 
49Pm AND 
y-Ray energies (MeV) 
149Pm 
0-071, 0-108, 0-170, 0-342, 0-442 
spectrometer, equipped with a 2 2 in. Nal(T1) crystal, to observe the prominent 
y-rays present in the decay of the two nuclides. They are listed in Table 3. 
The y-ray spectrum of Pm showed only one prominent peak. This occurred 


at 286 keV. An estimate of its y-emission rate in a known aliquot was obtained from 


232 


Half-lives of *“*Pm and 233 


measurements on a Nal(TI) scintillation spectrometer previously calibrated for 
y-ray counting efficiency vs. y-ray energy. The f-ray disintegration rate was measured 
on another aliquot on a 47 geometry proportional counter. From these measurements 
the abundance of the 286 keV y-ray was calculated to be 1-5 + 0-5 per cent. 

It might be noted that previous studies”) of “'Pm have not included chemical 
separations of Pm. The work reported here thus confirms the identification of the 
28-4 hr species as an isotope of promethium. 
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THE SPECIFIC ACTIVITY AND HALF-LIFE OF **Np 


F. P. Brauer, R. W. Stromatr, J. D. Lupwick, F. P. Roperts and W. L. Lyon 
Hanford Atomic Products Operation* 
General Electric Company, Richland, Washington 


(Received 22 May 1959) 


Abstract—The specific activity of *’Np, as determined by absolute «-counting known amounts of 


*7Np, was found to be 1562 7 disintegrations per min per “~g which corresponds to a half-life 


of 2-14 0-01 10° years. The aliquots of *’Np for counting were taken from a standard solution 


prepared from neptunium metal and checked by coulometric titration. 


THE reported specific activity value of 1520 disintegrations per min per yg for 
*37Np based on ultramicro weighings of NpO, and 27 x-counting has been estimated 


to be probably accurate to within five per cent.’ In the experiments described below 
the specific activity of “’Np was determined by absolute z-counting known amounts 


of "Np using both low geometry proportional counting and 47 liquid scintillation 
counting. The aliquots of *’Np were taken from a standard solution prepared from 
neptunium metal and checked by controlled potential coulometric titration. The 
observed z-disintegration rate was corrected for the contribution of the plutonium 
impurity as determined by z-energy analysis. The neptunium used was analysed 
isotopically to insure that isotopes other than **Np were present at a sufficiently low 


concentration to be neglected. 


EXPERIMENTAI 


Neptunium(IV) oxalate was precipitated from a neptunium nitrate solution purified by anion 


exchange to remove traces of other actinide element impurities. The oxalate was converted to the 


fluoride with anhydrous HF. Neptunium metal was prepared by reduction of the fluoride with high 


m. using iodine as a booster, in a magnesia-lined bomb. After remelting and casting 


ilcium 


under high vacuum for further purification, the neptunium metal was machined in order to obtain 


in oxide-free metal specimen which was immediately weighed, dissolved and diluted to a known 


volume. The impurities in the metal as determined by spectrochemical analysis and «-energy analysis 
were found to be 0-03 weight per cent. The concentration of the standard *’ Np solution was checked 
within 0-05 per cent by titration using a controlled potential coulometer.’ An isotopic analysis by 


mass spectrometry established that no significant amounts of neptunium isotopes other than *’Np 


were present 
Four *’Np sources mounted on polished platinum disks were x-counted in a low geometry 


x-counter similar to that described by JAFFE The calibration of the instrument had been checked 


in recent years by exchanging mounted x-samples with both UCRL and ANI : Two scintillation 


solutions containing aliquots of the *’Np standard were counted by 47 liquid scintillation «-counting 


* Operated for the Atomic Energy Commission by the General Electric Company under Contract 
W-31-109-Eng-52 
B. MAaGNusson and T. J. La Cuapette, The Transuranium Elements (Edited by G. T. and 
J.J. Katz) NNES, Plutonium Project Record, Div. IV, Vol. 14B, p. 39. McGraw-Hill, New York (1949). 
2) R. W. Srromatr., The Determination of Neptunium by Controlled Potential Coulometry, HW-59449 (1959) 
3) A. H. Jarrey, The Actinide Elements (Edited by G. T. StasorG and J. J. Katz) NNES, Plutonium 
Project Record, Div. IV, Vol. 14A, p. 596. McGraw-Hill, New York (1954). 
H. P. Ropinson. Private communication (1956) 
*) R. F. BUCHANAN. Private communication (1957) 
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techniques. Complete resolution between the daughter **Pa /}-particles and “"Np «-particles was 
obtained and no quenching resulted with sample addition to the scintillator. Calibrated glassware 
was used for all volume measurements and all dilutions of the primary standard were checked by 
coulometric titration so that the weights of *"Np on the «-disks and in the scintillator solutions 
were accurately known. The counting data are summarized in Table 1. The average observed decay 
rate was 1583 6 disintegrations per min per “vg of neptunium. The uncertainties listed in the 
table for the observed disintegration rates are based on the counting statistics at the 95 per cent 


confidence level. The uncertainty given for the average value of the specific activity is the estimated 


precision at the 95 per cent confidence level for the average of the six results 


A gridded ion chamber was used for z-energy analysis of several aliquots of the standard ***Np 
solutions. The z-spectrum showed that the z-activity of the solution was 98-7 per cent *’Np within 
an estimated error of + 0-2 per cent and that the remaining «-activity was due to plutonium impurity 


TABLE 1.—OBSERVED &-ACTIVITY 


ig Observe 
Method of Weight of bserved 


Source . disintegration 
counting 


Disintegration 


min™* * 


geometry 35 234,360 

geometry 2 467,730 

geometry 231,890 

geometry 116,840 
LSS. 14,803 
L.S.S. 


RESULTS 
The observed specific activity of 1583 + 6 disintegrations per min per ug of 
neptunium multiplied by the observed alpha per cent **Np of 98-7 + 0-2 gives a 
value of 1562 + 7 disintegrations per min per ag for the ™’Np specific activity. 
Using the radioactive decay law a value for the half-life of °’Np of 2:14 + 0-01 x 10° 
years is obtained in agreement with the value of 2:2 +- 0-1 10° years reported by 
MAGNUSSON and La CHAPELLE.'” 


420 1591 
A lo $20 1586 
D Ik 34 1583 
— 
= Average 1583 + 6 
ol, 
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TWO NEW NEUTRON-DEFICIENT TERBIUM ACTIVITIES* 


K. S. Toru? and J. O. RASMUSSEN 
Radiation Laboratory and Department of Chemistry, University of California, 
Berkeley, California 


(Received 3 November 1958) 


Abstract—A series of **C bombardments on ™'Pr has resulted in the discovery of two new activities. 
The first, with a 70 min half-life, is believed to be "Tb. The isotope has two y-rays, 780 and 1120 keV, 
following its decay. The 780 keV y-ray is postulated to be the transition from the first excited level 
to the ground state in the even-even nucleus, “*Gd. The second activity has a half-life of 24 min and 
has a 305 keV +-ray following its decay. It is probably ‘“"Tb, though this has not been clearly 


established. 


PRASEODYMIUM-141 has been bombarded with “C ions at the heavy-ion linear 
accelerator, and two activities have been observed that had not been described 
hitherto. These activities are probably “Tb and ‘Tb. 


Terbium-148 

A 70 min half-life was first identified in a 110 MeV ™“N bombardment on ™'Pr. 
At that time it was uncertain whether the activity belonged to a dysprosium or a 
terbium isotope. The possibility of its being a dysprosium isotope was ruled out when 
the half-life was observed in a “C bombardment on the same material. In this 
particular experiment the rare earths were separated from one another by an ion- 
exchange method described elsewhere.’ The 70 min half-life was seen in the same 
fraction as the 4 hr “*Tb, so that the new activity was certainly a terbium isotope. 

The mass-assignment of the new activity was accomplished in the following manner: 
By repeating the above-described experiment, including the ion-exchange chemical 
separation, using *C ions of a different energy, we could determine that the mass 
number of the new activity was less than that of “*Tb. y-spectra were obtained 
in both bombardments, and it was observed that the y-rays of “*Tb were present in 
lesser amounts in the experiment carried out at the higher energy. The reverse was 
true of the y-rays assigned to the new activity. The energies of the '*C ions in the two 
experiments were approximately 65 and 75 MeV. The decay of “Gd has been well 
studied, so that its y-ray energies are known."*’ None of the "Gd y-rays appeared in 
the y-spectra taken with the above sample. The y-rays of *Gd growing in from 
°Tb were observed. The inability to see any "Gd growing in from a pure terbium 
fraction certainly indicates that the new activity could not be "Tb. ‘Gd has a 
half-life of about 130 years. No y-rays have been identified in connexion with its 
decay. The isotope is an z-emitter, and there is also fair evidence that it is /-stable.’ 

vas performed under the auspices of the U.S. Atomic Energy Commission. 
ent address: Oak Ridge National Laboratory, Oak Ridge, Tennessee 
S. G. Tuompson, B. G. Harvey, G. R. Cuoppr and G. T. Seasora, J. Amer. Chem. Soc. 76,6229 (1954) 


*) V.S. Suircey, W. G. Smitu and J. O. Rasmussen, Nucl. Phys. 4, 395 (1957) 
M. A. and J. O. Rasmussen (UCRL). Unpublished data 
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Its half-life is too long for growth of its activity to be seen with samples containing 
originally the 70 min activity. 

The next experiment performed was a bombardment of ''Pr with 100 MeV "C 
ions. The results from this experiment are discussed more fully in connexion with 
'*Tb. Suffice it to say that the y-spectrum in this case indicated that “Gd. presumably 
growing in from "Tb, was present in large quantity, while “*Tb was definitely absent 
and the y-rays assigned to the 70 min activity were present, if at all, to a very limited 
extent. Essentially the same kind of evidence was obtained from “N bombardments 
on Pr. In these experiments no chemical separations were made. Terbium-149 
was seen to be present in an 80 MeV bombardment but the y-rays of the 70 min 
activity were not. In a 110 MeV ™N bombardment the y-rays of the new activity 
were very much in evidence, being in greater abundance than the y-rays of “Tb. 
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CHANNEL NUMBER 
Fic. 1 y-Spectrum obtained in the 75 MeV "*C bombardment on ™'Pr 


Spectra of the same sample taken at later times did not show anv "Gd present, 
while *°Gd was seen. A 225 keV y-ray very prominent in “Gd decay was definitely 
absent from this experiment. The evidence from the two “*N bombardments together 
with that from the #*¢ experiments indicates that the 70 min activity has a lesser mass 
number than that of “*Tb, but presumably greater than 147. In this manner the 
70 min activity was determined to be Tb. 

[he y-spectrum obtained in the 75 MeV "C bombardment is shown in Fig. 1. 
The two y-rays assigned to the decay of Tb have energies of 780 and 1120 keV. 
The half-lives of the two peaks were determined and found to be about 70 min. The 
two y-rays have thus been assigned to “Tb decay, not only on the basis of the variation 
of their intensities with bombarding energies, but also because of their half-lives 
Table | lists the first-excited-level energies of even-even nuclei whose neutron numbers 
vary from 90 to 82. 

The energies quoted for all these nuclei are well established and have been taken 
from the new Table of Isotopes.’ The variation of first-excited-level energies of 
even-even nuclei with neutron number is readily noted. As the neutron number is 


 D. Srromincer, J. M. HOLLANDER and G. T. SeanorG. Rev. Mod. Phys 30, 585 (1958) 
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decreased going from the region where rotational levels in nuclei are observed toward 
the 82-neutron closed shell, the energies increase. They begin to decrease again on the 
other side of the 82-neutron shell, though this is not shown in Table |. “Gd, the 
nucleus populated in the decay of “Tb, has 84 neutrons, the same number as Nd. 
For that reason one would expect that their first-excited-level energies would be 
somewhat similar in magnitude. The first excited level in “Nd has an energy of 
694 keV. When we note another general trend in Table 1—that is, that the energies 


TABLE 1.—VARIATION OF ENERGY OF FIRST-EXCITED-LEVEL WITH NEUTRON NUMBER 


Energy of 


Neutron number Nucleus 
first-excited-level in keV 


123 


122 


344 
337 


562 
460 
694 
1570 
1596 


1430 
1320 


seem to increase with atomic number for a given neutron number—it certainly does 
not seem unreasonable to propose that the 780 keV y-ray in “Tb decay represents 
the transition from the first excited level to the ground state in “*Gd. The ratio of 
intensities of the two y-rays, 780 and 1120 keV, assigned to “*Tb is 8 : 5, after 
the y-ray intensities have been corrected for the efficiency of the 3 x 3 in. Nal(Tl) 
crystal used to obtain the spectra. We should like to suggest that the two y-rays may 
be in cascade, with the 1120 keV y-ray being the transition from a level at about 1900 
keV to the 780 keV first excited state. A somewhat analogous case exists in “Nd, in 
which a transition of 1490 keV proceeds from a level at 2180 keV down to the first 
excited level at 694 keV. Coincidence work is needed to test this possibility. 

The rest of the y-rays in the spectrum were found to decay with a 4 hr half-life. 
A spectrum taken approximately 10 hr after the one displayed in Fig. | was obtained 
showed no peaks at 780 or 1120 keV. Only the y-rays of *Tb were visible. 

The decay curves of the 510 keV and K X-ray peaks were resolved and found to have 
70 min components. Thus the 70 min activity must decay both by positron emission 
and by electron capture. 


Terbium-147 
A new activity with a half-life of 24 min was observed in the 100 MeV "C bom- 
bardment on “'Pr. As mentioned previously, “Gd was known to be certainly present 
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~- 


in the sample produced from this bombardment by virtue of the identification of its 
y-rays, while “Tb and “Tb were known to be absent. Fig. 2 shows the y-spectrum 
taken of the sample approximately 10 min after the termination of the bombardment. 
The y-rays of “*Tb and '*Tb are not observed in the spectrum. There is a peak at 
225 keV which represents the most prominent y-ray in "Gd decay. There are also 


COUNTING RATE (ARBITRARY UNITS) 
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CHANNEL NUMBER 


y-Spectrum obtained in the 100 MeV "C bombardm« 
was taken approx mately 10 min after the termination of 


Ze 
> 
a 
x 
a 
= 
< 
= 
5 


CHANNEL NUMBER 
Fic. 3.—y-Spectrum taken a day after the termination of the 100 MeV '“C bombardment on 
‘*Pr. The prominent y-rays in the decay of “’Gd are readily observed 

two other peaks present, one at 145 and the other at 305 keV. The half-life of the 
305 keV y-ray was found to be 24 min. There was a component of about the same 
half-life in the decay curve of the 145 keV peak. Spectra taken at later times showed 
the 225 keV y-ray increasing in intensity relative to the other two peaks, and at still 
later times the remainder of the "Gd y-rays became evident. The same 24 min 
half-life appeared as the shortest component of both the Geiger-Miiller counter and 
the 510 keV annihilation peak decay curves. 
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Thus it was established that a new activity with at least one y-ray (305 keV) had 
been found. Also the mass number of the isotope had to be less than 148 because the 
305 keV y-ray belonging to its decay was not seen in the 65 and 75 MeV "C bom- 
bardments when Tb was known to be present. We would like to propose that the 
new isotope is *’Tb for the following two reasons: 

(1) The decay curve of the 225 keV y-ray was obtained and it was found to have 
an initial interval of growth which was then followed by the characteristic half-life 
of "Gd. The half-life of the growth period of the 225 keV y-ray was found to be 
between 20 and 30 min, indicating that perhaps the y-ray had grown in from the 
24 min activity. 

(2) In Fig. 3, which shows the spectrum taken a day after bombardment time, only 
the prominent y-rays of "Gd decay are seen. Their energies are 225, 390, 635, 750 
and 900 keV. Smaller peaks are seen at about 110, 120 and 500 keV, which represent 
undoubtedly some of the less intense y-rays of approximately the same energies reported 
for "Gd." The point that we wish to emphasize is that no intense y-rays, other 
than those of ’Gd, are visible, indicating that the 24 min activity probably does 
decay to "Gd. 
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THE USE OF ELECTRICAL CONDUCTIVITY 
DATA WITH JOBS METHOD 


J. F. TATE and M. M. Jones 


Dept. of Chemistry, Vanderbilt University, Nashville, Tennessee 


(Received 20 May 1959) 


Abstract—The popularity of Job’s method is to some extent based upon the large number of physical 
properties which are thought to be suitable for use with it. Among these properties, the electrical 
conductivity has enjoyed some popularity but has led to results which are often at variance with the 
results of studies using other properties or other methods. In order to find the source of this discord, 
a thorough theoretical and experimental analysis of this particular procedure has been performed. 


THe use of electrical conductivity data with Job’s method is usually justified by the 
claim that the specific conductance of a mixture of electrolytes is a linear function of 
the concentration of the various species present in solution. When this claim is 
investigated in more detail, it is found to be true only over certain ranges of concen- 
tration for most electrolytes. The variation of equivalent conductance (A) with 
concentration (C) or with ionic strength («) has been represented by expressions 
such 

\ Ag ay [= or \ \y ay u (1) 

\ Ag — — O] (2) 

A = A, — BC" (3) 


This last equation has been used successfully to represent the concentration depen- 
dence of dozens of electrolytes. In all cases, n is less than unity. Since A 1000 K/C, 
the specific conductance, K will generally not show a simple linear dependence on the 
concentration over wide ranges of this variable. The effect of this on studies with 
Job’s method can be seen from the following considerations. 

We will assume that the solutions for the study are prepared in the usual manner: 
by mixing (1 — x)V ml of M molar A and xV ml of M molar B to give solutions of 
total molarity M and total volume V. Volume changes in such a process can be 
accommodated by using a slightly different method of preparing the solutions and 
do not constitute a serious limitation. The reaction in solution may be conveniently 
taken to be a simple one such as: 

A nB = AB.,. (4) 
The usual method of continuous variations treatment") then shows that the concen- 
tration of the complex AB,,, will be a maximum in that solution for whichn = x/(1 — x). 
For a physical property which is a strictly linear function of the concentrations of A, 
B, and AB,, it is found that the deviation from additivity of this property reaches an 
extremum at this same value of x. The deviation from additivity is simply the 
measured value of the property for the solution minus the predicted value based 


1) G. Cuariot and R. GaGcutn, Les Methodes D’ Analyse Des Reactions En Solution, p. 135ff. Masson et 
Cie, Paris (1951). 

(2) A. I. Vocer and A. Ferauson, Phil. Mag. 50, 971, 1163 (1925); 52, 300, 941 (1927) 

‘%) M. M. Jones and K. K. Innes, J. Phys. Chem. 62, 1005 (1958) 

‘) P. Jon, Ann. Chim. [10] 9, 113 (1928); [11], 6, 97 (1936) 

©) W. C. VospurGH and G. R. Cooper, J. Amer. Chem. Soc. 63, 437 (1941) 
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upon no reaction between A and B. This coincidence of extrema must be established 
for any property before it can be used with Job’s method. 

Job’s method has been used with specific conductance data by many authors."@! 
However, no complete evaluation of this procedure has yet been published. HAGEN- 
MULLER" alone realized that its use in a simple form was unjustified. In many 
instances the results obtained by conductance studies are in direct conflict with results 
obtained by other methods. The basic feature of these studies has been that the 
deviations of the specific conductances of the solutions from additivity are assumed 
to be significant in terms of chemical reactions. 

When dealing with these solutions we may define Y or the difference of the 
measured and predicted specific conductivity of the solutions as: 

Y= K,+ K, + K, — K,' — Kz (5) 
Here K,, K,, and K, are the specific conductances of A, B and AB,, respectively in 
the mixtures and K,’ and K,’ are the specific conductances of A and B in their pure 
solutions at a concentration whose total is equal to their total concentration in the 


mixture. The difficulty lies in the choice of suitable concentration dependences for 
the K’s. The concentration dependence of Y can readily be determined by the use of 
equations (1), (2) or (3) and the analysis follows similar lines for all three equations. 
Using equations (1) and (4) we can obtain an expression for Y in terms of the 
concentrations and constants for each of the species as: 
Y= \o, — + Col \o, #) Ag, — #) 
x) \o, ay \o, (6) 


In equation (6), C,, C, and C, are the concentrations of A, B and AB,, respectively. 
Because of the way in which the solutions were prepared, we can write: 
Mi x)— C, (7) 
B= C, = Mx — nC, 


Substitution of equations (7) and (8) into (6) allows us to express Y in terms of Cy, 
x and various constants as follows: 
Y= x) — + (Mx — Ag. — 
C3( Ag. — — x) — — \o, doy (9) 
The necessary and sufficient condition that Y have an extrema when C, is a maximum 
is that dY/dx = 0 when dC,/dx = 0. Differentiating (9) and setting dC,/dx = 0 
leads to dy ai 
10-* C,(a, + na, (10) 
ax 
So, extrema in Y will not generally coincide with extrema in C; unless dy/(4)/dx = 0 
also. When systems where this condition is also satisfied are examined it is seen that 
other complications are present (see Results and Discussion). The examination of 
systems where the concentration dependence follows equations (2) or (3) leads to 
analogous results. 


A. K. Muxkuersi and A. K. Dey, J. Jnorg. Nucl. Chem. 6, 314 (1958). 

A. K. Muxkuern and A. K. Dey, J. Indian Chem. Soc. 35, 237 (1958) 

B. C. PURKAYASTHA and R. N. Sen-Sarma, J. Indian Chem. Soc. 23, 31 (1946) 
B. C. PuRKAYASTHA, J. Indian Chem. Soc. 24, 257 (1947); 25, 81 (1948) 

Y. Wormaser, Bull. Soc. Chim. 15, 395 (1948) 

P. HAGENMULLER, Ann. Chim. 6, 5 (1951) 
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EXPERIMENTAIL 


The electrical conductivities were measured using a Wheatstone bridge with a Kohlrausch slide- 
wire, a 1000 c/s a.c. oscillator and a set of earphones for a detector. The cells used were of the Jones 
and Bollinger ty pes and were calibrated using standard potassium chloride solutions."! For the 


0-02 C and the precision 


measurements, the cells were immersed in a water bath maintained at 25 
of the measurements is estimated to 0-1 per cent. De-ionized water was used as a solvent. Since the 


solutions studied were all fairly concentrated this introduced a negligible error 


RESULTS AND DISCUSSION 
A number of systems were examined to compare the results obtained where 
complexes are known to be absent with results for systems in which complexes are 
known to be present. The systems studied were the LiCl-Cot |, system at total molar 
concentrations of 0-025 M, 0-1 M and the LiCl-BaCl, system at 1-0 M: 
the MgCl,-CoCl, system at 0-125M; the MnCl,-Cu(NO,), at 2M, and the 
Fe( NO,).—-KCNS at 0-1 M. 


SPECIFIC CONDUCTANCES OF PURE LiCl AND CoCl, soLUTIONS 


Conc. (M/L.) 


0-02 
0-04 
0-06 
0-08 
0-1 
0-2 
0-4 
0-5 
0-6 
1-0 


SPECIFIC CONDUCTANCES OF MIXED LiCl AND CoCl, soLuTIONs 


Total M = 0-025 Total M Total M 1-0 
Mole ratio 


LiCl : CoCl, : 


487-7 10,970 
457-3 10,490 
434-0 538 55 10,200 
416°1 10,000 
389-3 9882 
362°6 9026 
336-7 5-8 ‘ : 8702 
309-7 : 8190 


IDA & 


38) Apparatus for Electrolytic Conductivity Measurements in Laboratory and Plant. Leeds and Northrup Co. 
Philadelphia (1944). 
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Lic CoCl, 
K « 10° K 10° 
208-3 417-5 
402-5 787-9 
591-7 1125 
765-5 1500 
953-6 1773 
ol, 1783 3180 
12 3425 $842 
9/60 4150 6919 
4794 7906 
6134 9912 
7328 11,170 
9 534 
8 1210 
7 1478 
6 1330 
5 1188 
4 2150 
1568 
8/2 1124 
9/1 732 
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LiCl - CoCig System 
Total Molor Conc.2 


© OCC C8 
CoCle LiCl 


Deviation from additivity specific conductance in mixtures of LiCl-CoCl, 
21074 
LICI~CoCl, System 


| Totel Moler Cone 


1959/¢ 


20 3 4 50 6 7 8 90 
Licl 


Deviation from additivity of specific 
ductance in mixtures of LiCl-CoCl,. 


In the LiCl-CoCl, system no appreciable formation of chloro-complex is expected 
2 Py 


at the concentrations studied."*’ Nevertheless, when Y is plotted against x for these 
systems (Figs. 1, 2 and 3) extrema are clearly indicated. 


J. Byerrum, SCHWARZENBACH and L. G. Sitten, Stability Constants Part U, p. 9 The Chemical 
Societ London (1958) 
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In the LiCl-BaCl, system again no complex is expected, yet the Y vs. x data show 
two extrema (Fig. 4). Neither of these corresponds to any complex established by 
any reliable procedure. 


LICI- BoCle System 
Tote! Molor Conc.« 


20 30 40 SO 60 70 60 90 
BoCl, 


on irom add vity OF Ss 


SPECIFIC CONDUCTANCES OF Bat 


Conc. M1] 
A 10 $$3 2 8012 


CONDUCTANCES OF MIXED Li€ 


1405 
1304 
| 
1204 
4 
1007 
10° 
904 
cm? 
~ 
704 
| 
504 | 
fol, 
12 | 
Lic 
Fic. 4.—Deviati ecific conductance in mixt of LiCi-BaCl, 
| 
344 11.770 
SPLCINC | AND Bad LUTIONS 
Tot M 
Mi le ratio 
LiC!] BaCl 
A 10 10 
1Y 12,960 2 
2/8 12,450 1104 
3/7 17. 03% 
46 11,340 433 
10.740 1418 
64 98] 1195 
7/3 1478 197) 
2 S690 197 
9 1 8030 $95 
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In the CoCl,~MgCl, system, an extremum is again found in a system containing 
no complex (Fig. 5). 


oCl, MgCl, System 


Tota! Molor Conc.20°125M 


10 20 30 40 50 60 70 80 90 
MgCl, CoCl, 


Fic. 5.—Deviation from additivity of specific conductance in mixtures of CoCl,-MgCl,. 


SPECIFIC CONDUCTANCES OF MgCl, AND CoCl, SOLUTIONS 


Conc. (M/L.) 0-0125 0-025 0-05 0-0625 0-0875 0-100 0-125 
MgCl,; K 272 512 964 1182 1600 1801 2164 
CoCl,; A Pi 2a 514 965 1182 1604 1819 2194 


SPECIFIC CONDUCTANCES OF MgCl,-CoCl, mixtures (M = 0-125) 


Mole ratio 

MgCl, : CoCl, 1/9 2/8 3/7 4/6 
A 10° 2188 2194 2199 2197 
y 10° 88 128 129 137 


In the MnCl,—Cu(NO,), system, a symmetrical Y vs. x curve is obtained with a 
maximum at x = 0-5 (Fig. 6). This would indicate that the complex in solution is 
CuCl,. From other work," the ions CuCl,~ and CuCl,?~ are known to be important 
species in solutions of this concentration. This system was selected for study because 
of the nearly identical specific conductances of the parent solutions. In this case, 
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however, the variation of the specific conductance with concentration was very 
marked. 


MnCi,- Cu(NO, 2 System 


Tote! Molier Conc 


© 20 30 40 SO 60 70 80 90 


Cu(NOy), MnCl, 


Fic. 6.—Deviation from additivity of specific conductance in mixtures of MnCl, Cu(NO,), 


SPECIFIC CONDUCTANCES OF MnCl, AND Cu(NO,), SOLUTIONS 


Conc. (M/1.) 0-2 0-8 1-0 1-2 1-4 1:8 
MnCl,; K x 10* 303-4 587-3 935-0 1066 1165 1247 1347 
Cu(NO,),; K x 10* 333-8 570-9 934-2 1055 1150 1215 1278 


SPECIFIC CONDUCTANCES OF MnCl,—Cu(NO,), mixtures (M = 2-0) 


Mole ratio 


MnCl, : Cu(NO), 


IDA 


900 
8404 
780} 
7204 
6604 
4 
6007 
5404 
4804 
4204 
3604 
ol 
12 
9/60 
9 1263 317 
8 125] 587 
7 1242 728 
6 1237 847 
5 1235 890 
4 1234 866 
1/3 1236 812 
8/2 1245 625 
9/1 1252 428 


248 J. F. Tate and M. M. Jones 


The final system studied was the Fe(NO,),-KCNS system. The total molar concen- 
tration chosen was 0-1 M so the electrical conductivity data could be compared 
directly with the spectrophotometric data of BaBKo."“” Here (Figs. 7 and 8), the 
conductance curve shows two extrema, neither of which corresponds to the single 
extremum obtained spectrophotometrically. 


SPECIFIC CONDUCTANCES OF PURE KCNS AND Fe(NO,), SOLUTIONS 
Conc. M/1. 0-02 0-04 0-06 0-08 01 
KCNS: K x 10° 499-4 739-0 1196-6 
Fe(NO,),; K x 10° 803-5 1417°'8 2016°5 2660-5 3011+1 


It is instructive to compare these results with previous work on the electrical 
conductivity of mixtures of electrolytes. As early as 1911, Bray and Hunt found 


SPECIFIC CONDUCTANCES OF MIXED KCNS-Fe(NO,), SOLUTIONS 
Mole ratio: 
KCNS : Fe( 


10° Y x 16 


2827 
2682 
2565 
2441 
25/75 2324 Vol, 
30/70 2217 12 
35/65 2096 1959/4) 
40/60 2028 
45/55 2057 
50/50 1807 
55/45 1730 
60/40 1691 
65/35 
70/30 1633 
75/25 1627 
80/20 1556 
85/15 1510 
90/10 1414 
95/5 


significant deviations from the mixture rule for the conductivity of solutions contain- 
ing sodium chloride and hydrochloric acid. SacHANov"® found even larger deviations 
for aqueous solutions containing acetic acid and potassium acetate. In this latter 
instance, there is, of course, a very significant effect on the ionization of the acetic 
acid. 


a8) A. K. Basxo, J. Gen. Chem. U.S.S.R. 16, 1549 (1946); Physicochemical Analysis of Complex Compounds 
in Solution p. 147. Kiev (1954). 

3) W. C. Bray and F. L. Hunt, J. Amer. Chem. Soc. 33, 781 (1911). 

6) A. SacHANov, Z. Phys. Chem. 87, 441 (1914). 
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KSCN- Fe(NO,), 


20 
] System 
Tote! Moler Conc 
Spectrophotometric 
Deto 
0.D. 
10 20 40 W 80 90 
Fe( NOs), KSCN 


FiG. 7.—Deviation from additivity of optical density in mixtures of KCNS Fe(NO, ),. 


+604 
+569 4 
+534 4 
+4994 
+464- 
+4295 
+3944 
+ 359+ 
+ 324- 
+289 4 
+2547 
4194 
+ 184-4 
+ 
+1144 
+ 
+ 444 
+ 94 
- 444 
-794 


KSCN-Fe(NOs), System 
Tote! Molor Conc.= 


Conductometric 


* 


10 20 %0 40 5Oo 60 70 80 90 
Fe(NOy)y KSCN 


Fic. 8.—Deviation from additivity of specific conductance in mixtures of KCNS-Fe(NO,),. 
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Subsequent investigators'*-** confirmed and extended these findings. In general, 
departures from the additivity of conductances are found in practically all kinds of 
mixtures of simple electrolyte solutions. Even with mixtures of NaCl and KCl 
solutions, these deviations are of easily measureable magnitude for concentrated 
solutions. For mixtures of electrolytes of the same charge type, a maximum deviation 
(negative) is often found in equimolar mixtures. Claims of complex ion formation in 
such simple systems are not supported by other evidence such as transport number 
studies.'**.27) In most cases it is even possible to predict the magnitude of the maximum 
deviation from the properties of the simple salt solutions. VAN RYSSELBERGHE and 
his co-workers found this maximum deviation to be related to the difference of the 
equivalent conductances of the two salts composing the mixture. The relation for 
this Day 0-021 AA, where Dmax is the maximum deviation from additivity of 
the equivalent conductance (almost invariably found in the equimolar mixtures for 
salts of the same charge type), and AA is the difference between the equivalent 
conductances of the two salts. 

This breakdown of the mixture rule and of Kohlrausch’s law of the independent 
migration of ions has been studied by ONSAGER and Fuoss** and shown by them to be 
a general characteristic of mixed electrolyte solutions. This feature can be accom- 
modated in our treatment, at least formally by setting up equation (6) as: 


= 10°{C,(Ay’ — + Caf Ag.” — + Ag.’ — a3 
— x Ao, — — Mx( Ag, — (11) 


Here the constants of the equation governing concentration dependence will differ, 
depending upon whether the electrolyte is in a mixture or a pure solution. When the 
conditions for an extremum in Y are evaluated anew it ts: 


(a) found in general not to coincide with a maximum in Cs, 


(b) to be dependent upon the relative values of the primed and unprimed con- 
stants of equation !1, and 
(c) capable of occurring in a solution in which no complex is formed at all. 


When dC,/dx = 0, and d\/(u)/dx = 0, the expression for dY/dx from equation 
11 becomes: 


dY 
Mi( Ag. + (Ag. — — (Ag, — 
Ix 


A. K. Smrru and R. A. Gortner, J. Phys. Chem. 37, 79 (1933) 
A. E. STearn, J. Amer. Chem. Soc. 44, 670 (1922) 
"CC. W. Davies, J. Chem. Soc. 448, 2093 (1938) 
P. VAN Rysse_LeurGue. S. W. Grinnece and J. M. Carson, J. Amer. Chem. Soc. 59, 336 (1937) 
P. VAN Rysse_perGue and G. Ler, J. Amer. Chem. Soc. 60, 2776 (1938) 
D. J. Meap and R. M. Fuoss, J. Phys. Chem. 49, 480 (1945) 
N. C. C. Lt and H. Fano, J. Chinese Chem. Soc. 6, 32, 44 (1938); Chem. Abstr. 35, 5019 (1941) 
P. VAN RysseL_BerGue and L. Nuttina, J. Amer. Chem. Soc. 56, 1435 (1934); 59, 333 (1937); 55, 990, 
996 (1933) 
K. A. Kriecer and M. Kitpatrick, J. Amer. Chem. Soc. 59, 1878 (1937) 
J. Dewey, J. Amer. Chem. Soc. 47, 1927 (1925) 
27) D. A. MacInnes, J. Amer. Chem. Soc. 47, 1922 (1925) 
28) |. Onsacer and R. M. Fuoss, J. Phys. Chem. 36, 2689 (1932) 
29) N. E. M. KArRTZMARK and A. G. SHerwoop, Canad. J. Chem. 36, 1325 (1958). 
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This leads to the expectation of extrema in systems of constant ionic strength which 
have no relation to the formation of any complex in the system. This kind of extrema 
appears to have been found in many of the cases cited above. 

As may be inferred from the above discussion, the use of electrical conductivity 
with Job’s method can lead to the postulation of complexes in practically any system 
examined. Unfortunately such conclusions are generally unwarranted and are 
usually not supported by studies of the same systems with other methods. The same 
kinds of difficulties may be expected to occur in studies using high frequency oscil- 
lometry with Job’s method.” 
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INITIAL REACTION RATES FROM DTA 


H. J. BORCHARDT 


General Engineering Laboratory, General Electric Company, Schenectady, New York 


(Received 23 February: in final form 15 May 1959) 


Abstract—It is shown that initial reaction rates can be determined in a very simple manner from 


differential thermal analysis measurements 


IN previous communications ') the utility of obtaining initial reaction rates from 


DTA was demonstrated. The manner in which this rate can be calculated is described 
below. 
The method is based on the kinetic analysis of DTA curves described by DANIELS 


this writer.“ The equation which relates the reaction rate to quantities obtained 


from the DTA trace is as follows (equation (7), ref. 3): 


dn No 
CcC,— K Al (1) 
at K { L J 


d AT 
It was found experimentally that C, — is small compared to A AT: therefore 
al 


dropping the smaller term and cancelling gives 
dn Ny 
(2) 
dt 
is the rate of reaction (in fraction converted per unit time) at the ume 


(temperature) where the height of the DTA peak is AT. A is the total peak area. If it 
sumed that the DTA peak can be approximated by a triangle of height A7,,,,. 
, then A kr AT,,,, and 
dn/no 2 AT 
a 


) at temperatures where \7/AT,,,, 18 a small fraction, initial 


(3) 

n (3 
reaction rates can be calculated. 

In order to determine the extent to which equation (3) is applicable, MgCO,, 

nd kaolinite were subject to differential thermal analysis and initial 

For comparison, the initial rate of decomposition of these 


means of conventional weight loss methods. 


EXPERIMENTAL 


ed by the Robert L. Stone Company, Austin, 
recording thermobalance. The 
sub-sieve sizer 
3 (1959) 


(1959) 


78, 41 (1957) 
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, lhe DTA apparatus is a commercial unit mai 
2 Texas Weight loss measurements were perf 
6 average particie size of the mater Ss was meas 
1) H. J. Borcnarprt., J. N Chem. 12, 13 
3 » H. J. Borcuaror, J. Amer. Chem. Soc. 81, 1529 =a 
H. J. and F. Daniexs, J. Amer. Chem. Soc. 
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B. Materials 


MgCO,, “California Magnesite” from Wards Natural Science Estab 
CaCO,, Fisher reagent grade, 6-3 «: kaolinite. Southern Clays, Incorpor 
©. Procedures 

The DTA measurements in each case were performed in static air 
rate of 12 C/min. The samples were contained in a cylindrical well 


and 


The san ples were loosely packed, the packing densities 
ind kaolir 
were pe formed unde conditions resen bling as ck sc as possit c 


A 


well 


deep 
cent of theoretical density respectively for Me 
small Inconel cylinder was str aving the same intert 
The s 


containing the san ple was then inserted into the furnace for the v 


cor 
nples were packed in s cylinder to the same det 
eight 


RESULTS’ AND DISCUSSION 


The DTA patterns are shown in Fig. |. The temperatures 


0-1 (a small fraction) were determined from the DTA trace 
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Ms 
KAOLINITE 
TEMPERAT RE 
Fic. 1 DTA patterns of magnesite, calcite. kaolinite. 7 ¢ marker rv dicat 
point where A7 O-1A\T wax 
am (3 [hese data are listed 
Calculated rate’’, respectivels 
ee 2t nearly the same temperatures as those at 
which the rate is calculated from DTA (actual temperature en in parentheses) 
TABLE | 
Calculated rate 
{ mun) 
579 1-67 1-90 (580) 
762 2-11 9.78 (759) 
1-29 1-28 6) 
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The initial reaction rate is determined from the initial slope of the weight-loss curve. 
These data are tabulated under “Observed rate’. The rates are in units of per cent 
conversion per minute. 

he data indicate that use of equation (3) yields results which are reliable within 
approximately 20 per cent. 

In order to determine the temperature at which the initial reaction rate is | per 


dn/ng 
cent conversion per minute, this value is substituted for — and the temperature 
al 


at which the equality, 0-005r = AT7/AT,,,, is satisfied, is determined from the DTA 
trace. 

Per cent conversion per minute as a unit of rate is an extensive quantity and is 
dependent upon the total effective surface area. For reactions where each powder 
particle is reacting independently (in contrast to the situation where the powder 
assemblage is behaving as one large particle’) per cent conversion per minute can be 
translated into a unit which is independent of surface area or particle size as follows: 

Consider one of the reactant powders to be composed of spheres of initial volume 
J After some reaction occurs, the volume has been reduced to V and the fraction 


of original reactant present is V/V,. Since } scr 


0 3r* dr 
dt ry dt 


(4) 


By restricting equation (4) to initial reaction rates, r ~ ro, and 


3 dr 


5) 
dt r, dt ( 


If differences in density between reactant and product are neglected, dr/dt may be 
considered to be the initial rate of growth of the product layer. The unit of rate, dr/dr 
is independent of particle size. For particles 6 « in diameter, a rate of 1% per minute 
is seen to correspond to dr/dt = 10-* cm/min. The various restricting assumptions 
in the above are rather obvious, and clearly indicate that the figure of 10~-° cm/min 
should be considered to be no more than an order of magnitude guide. 


*) For example H. T. S. Britton, S. J. Greco and G. W. Winsor, Trans. Faraday Soc. 48, 63 (1952). 
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“ONIUM” BASE BOROHYDRIDES 
TRIMETHYL 


SULPHONIUM BOROHYDRIDE 


H. G. Heat 


Chemistry De partment, Queen's University, Be 


(Received May 1959) 


Abstract—The new compound trimethyl sulphonium borohydride has be prepared. It decomposes 


above 90° to methane and the co-ordination compound dimethyl s ilphide-borine 


BaNus ef al.’ have described the preparation of three —— ammonium 
borohydrides. They are stable substances. Even ammonium borohydride itself, 
which is, as expected, re latively unstable, has been teoleted in crystalline form.'?? 


These observations Suggest that many borohydrides of organic “onium” bases. 
especially the strong fully alkylated or arylated bases, should be easy to make. Apart 
from those just mentioned, none have been reported, though some tetraphenylborates 
of “‘onium”™ bases are described in the 

The thermal decomposition of “‘onium’ ’ borohydrides is interesting as a possible 
route to the co-ordination compounds of BH, with phosphines, thioethers, etc. Some 
reactions of this type are known, e.g. 


CH, + (CH,),N:BH, (1) 


Decomposition at higher temperatures, or in presence of catalysts,” might be 
expected in certain cases to yield cyclic boron compounds contain ing the central atom 
of the cation in the ring, as in the known reaction 


B,N,H, + 9H, (2) 


The investigation reported here is the first of a series with the object of making 
representative new “‘onium”™ borohydrides, and studying their thermal decomposition. 


EXPERIMENTAL METHODS AND RESULTS 


The previously unreported compound trimethyl sulphonium borohydride was obtained by the 
reaction 


in water or ethanol solution. Sodium fluoride is less soluble in ethanol than in water, so that the 


reaction goes more nearly to completion in ethanol, but this advantage is outweighed by the fact that 


') M. D. Banus, R. W. BRAGDON and T. R. P. Ginn. J. Amer. Chem. So. 74, 2346 (1952). 

* R. W. Parry, D. R. Scuuttrz and P. R. Girarpor. J. Amer Chem. Soc. 80, 1 (1958) 

G. Wirtie and P. Rare. Lik hies Ann. 873, 195 (1951) 

‘) G. A. Razuvayey and T. G. Britxiwa, Dokl. Akad. Nauk SSSR 85, 815 (1952) 

*) L. C. Howick and R. T. Prtaum, Anal. Chim. Acta 19, 342 (1958) 

© H. J. Emeceus and G. J. Vipera, Proc. Chem. Soc. 288 (1957): J. Chem. So. 1306 (1959). 
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the sodium fluoride precipitated from ethanol is gummy and hard to filter, whereas that from water 


is crystalline. The following procedure worked well: 
Starting with dimethyl sulphide and methyl iodide, trimethyl! sulphonium iodide (5-7 g, 28 milli- 


moles) was made‘ and converted by treatment with silver oxide and water to a solution of the base. 


The base was added to 26-6 milliequivalents of hydrofluoric acid The excess base made the solution 


alkaline, which helped to prevent the decomposition of borohydride ion. The solution was 


concentrated to 4 ml by evaporation at room temperature in a vacuum desiccator. Commercial 
sodium borohydride was assayed for BH,~ by the iodate method.'*’ A quantity of it containing 
28 millimoles of BH,~ was dissolved in the minimum of water. One drop of the solution was added 


to the trimethyl sulphonium fluoride solution. This completed the precipitation of traces of silver 


left in the solution from the silver oxide treatment; it was thought advisable to remove this silver in 


case it catalytically decomposed the borohydride in the final stages of preparation. The solution was 
filtered, filtrate and washings totalling 8 ml. The remaining sodium borohydride solution was added, 
at 17°C. Without filtering off the precipitated sodium fluoride, the mixture was evaporated to dryness 
over conc. sulphuric acid in a vacuum desiccator, Ww hich was continuously exhausted by a rotary pump 


to remove some gas evolved from the mixture. The residue was extracted at 25°C with three portions 
of absolute ethanol, totalling 18 ml. 7 his was filtered, and the filtrate cooled to —10°C. Most of the 


trimethyl sulphonium borohydride crystallized out. It was filtered by suction on a sintered glass 


crucible, washed quickly with two small portions of cold ethanol, and transferred in the crucible to a 


desiccator containing sulphuric acid, which was immediately evacuated. The dry product weighed 
1-3 g (SO per cent yield). Its identity was confirmed by an I.R. spectrum, taken by the KBr disk method 
with a Perkin-Elmer Model 21 Spectrometer. The spectrum was almost identical with the superposed 
spectra of (CH .)3SI and NaBH,. Analysis for BH,~ by the iodate method" and the gasometric 
method'*’ showed that it contained 98-5 per cent of the theoretical amount of this ion. Found: C, 


38-0; H, 13-9; Calc. C, 39-1; H, 14-3%). 


Trimethyl sulphonium borohydride is a light, white, well crystallized solid. It can 
be kept for long periods if dry, though it always smells of dimethyl sulphide, perhaps 
owing to slow decomposition by the reaction about to be described. It is very 
hygroscopic and very soluble in water. It is easily soluble in ethanol, with a large 
temperature coefficient of solubility, and is easily recrystallized from that solvent, 
without much decomposition, if the temperature is kept below 25°C. 

Samples obtained from several preparations in water solution, and one from a 
preparation in ethanol (subsequently recrystallized from ethanol) all contained 
between 98 and 100 per cent of the theoretical amount of borohydride ion. 

When heated quickly in a melting capillary, the substance melted at 120°-124°C, 
with decomposition. Larger samples, heated more slowly in vacuo, decomposed 
suddenly at temperatures from 90°C upwards. A sample of 0°6 g exploded mildly at 
about 90°. The products of thermal decomposition were investigated as follows. 
Samples weighing 0-3-0-7 g were placed in an L-shaped tube fitting by means of a 
ground joint into a reaction vessel, which in turn communicated by wide tubing with 
a large trap. With the system coupled to the vacuum line and evacuated, the trap was 
cooled in liquid nitrogen and the reaction vessel heated to 110°. By rotating the 
L-tube on its ground joint, the sample was dropped in small portions into the reaction 
vessel, allowing each portion to decompose before adding the next. The chief 
decomposition products were methane and the compound (CH;),S:BH;. The methane 
was identified by means of its infra-red spectrum (taken at 93 mm pressure in a 10 cm 
gas cell), which was identical with the published spectrum of methane." On cooling 


7) H. J. Emevceus and H. G. Hear, J. Chem. Soc. 1126 (1946). 

8) D. A. Lyttie, E. H. Jensen and W. A. Struck, Analyt. Chem. 24, 1843, (1952). 

*%) W. D. Davis, L. S. Mason and G. STEGEMAN, J. Amer. Chem. Soc. 71, 2775 (1949). 
(29) Catalogue of Infra-red Spectral Data of the American Petroleum Institute (1956). 
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to the temperature of liquid nitrogen, its pressure fell to about 15 mm, slightly higher 
than the published vapour pressure of methane (10 mm) perhaps because of the 
presence of a little hydrogen. The other product, which condensed entirely in the 
cold trap during preparation, was a colourless liquid at room temperature. It was 
identified as the known compound (CH,),S:BH,"!") by the following evidence. 

(a) Its I.R. spectrum in the vapour state was identical with that of a specimen 
of (CH;).S:BH, made up by mixing (CH,),S and B,H, in the mole ratio 2: 1. The 
spectrum showed all the stronger bands of (CH,),S and B,H,, since the compound is 
largely dissociated in the vapour:'” in addition, there were strong, narrow bands 
peaking at 1102cm~' and 2420cm~', which must be attributed to the compound 
itself. 

(b) The vapour pressures agreed approximately with those given for (CH,).S:BH, 
by BurRG and 


Temperature °C Our product (CH;).S:BH, 
23-0 21-4 mm 19-5 mm 
13-0 11-4 10-5 
6°5 6°7 68 


(c) The vapour density indicated a mean molecular weight of 58 at 15° and 10 mm 
pressure. This figure agrees approximately with the published value‘'" and implies 
considerable dissociation in the vapour. 

Our product, however, melted at —27°, whereas BuRG and WAGNER reported 

38; for 

Measurement of the volume of methane evolved and the weight of (CH,),.S:BH, 
formed showed that the decomposition had gone mainly (apparently over 90 per cent) 
according to the equation 


CH, + (CH,),S:BH, 


though an exact material balance was not attempted, in view of the tendency of 
particles of the starting material to get blown out of the reaction vessel by the violence 
of the decomposition. 

A small quantity of white solid, infusible up to 340°C and soluble in water, was 
left behind in the reaction vessel. Its I.R. spectrum resembled published spectra of 
sodium borates."!* 


DISCUSSION 
The ease of preparation and stability of trimethyl sulphonium borohydride lead 
to the expectation that many other “‘onium” borohydrides will be made. Its 
decomposition by elimination of methane parallels the reported modes of decomposi- 
tion of ammonium borohydride, the substituted ammonium borohydrides, and the 


11) A. B. Buro and R. I. WaGner, J. Amer. Chem. Soc. 76, 3307 (1954). 
2) A. Miccer and C. H. WiLkins, Analyt. Chem. 24, 1253, (1952). 
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tetraphenyl borates, and probably takes place via a nucleophilic displacement of 
dimethyl sulphide from the cation by the anion. 
followed by 
BH, + S(CH,), (CH,).S:BH, 


However, there is no way of knowing, from our work, to what extent diborane may 
be formed as an intermediate, subsequently reacting with the dimethyl sulphide. 
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OBSERVATIONS ON THE RARE EARTHS—LXXI* 


CHEMICAL AND ELECTROCHEMICAL STUDIES OF IODIDE 
SYSTEMS IN ANHYDROUS N:N’-DIMETHYLFORMAMIDE 


T. Moeccer and V. GALASYN 
Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 


(Received 17 February 1959) 


Abstract—Solvated rare-earth metal iodides having the general formula LnI,8DMF (Ln = La, Pr, 
Nd, Sm, or Gd; DMI N:N -dimethylformamide) have been prepared by reaction of the hydrated 
acetate with acetyl iodide in dimethylformamide or by metathesis between the anhydrous chloride 
and potassium iodide in the same solvent. Several properties of the crystalline salts have been 
determined. The solvates dissolve readily in N:N‘-dimethylformamide, giving solutions exhibiting 
weak electrolyte behaviour. Such solutions yield amalgams on electrolysis, but conclusive evidence 
for the deposition of the metals on solid cathodes has not been obtained 


Although the rare-earth metals are conveniently obtained by either metallothermic 
reduction or electrolytic reduction of certain fused salts, electrodeposition from 
either aqueous or non-aqueous solutions at ordinary temperatures has been notably 
successful only when mercury cathodes have been employed.’ In earlier reports 
from this laboratory,“ however, it has been shown that a number of anhydrous 
rare-earth metal salts yield conducting solutions in anhydrous ethylenediamine, 
which give cathodic deposits containing at least small quantities of the metals. 

It has been of interest, therefore, to extend these investigations to solvents of 
high dielectric constant and high fluidity where basicity is still sufficiently high to 
provide potential stability for the free metals. Such a solvent is N:N’-dimethylform- 
amide. This substance combines high solvent power for a variety of inorganic 
compounds" with a moderately large dielectric constant (36-71 at 25°C)" and a 
fairly low viscosity (0-802 centipoise at 25°C). Many solutes give highly conducting 
solutions in this solvent,"*"™? but electrodeposition studies have not been extensive.“ 

In the light of preliminary studies which showed that anhydrous lanthanum 


* For part LXX, see T. Moeccer and E. P. Horwitz. J. Inorg. Nucl. Chem. 12, 49 (1959). 
L. F. Auprietn, E. E. Juxxora and R. E. Metints with B. S. Hopkins, J. Amer. Chem. Soc. 53, 1805 
(1931). 
R. E. Metnts, B. S. Hopkins and L. F. Aupriern, Z. Anorg. Chem. 211, 237 (1933). 
B. S. Hopkins and L. F. Aupruietnu, Trans. Electrochem. Soc. 66, 135 (1934) 
E. E. Jukxora with L. F. Auprietn and B. S. Hopkins, J. Amer. Chem. Soc. 56, 303 (1934), 
E. E. Juxxora, L. F. Auprietu and B. S. Hopkins, /norganic Syntheses 1, 15 (1939). 
E. 1. Onstort, J. Amer. Chem. Soc. 77, 2129 (1955). 
E. 1. Onstort, J. Amer. Chem. Soc. 78, 2070 (1956). 
’T. Moeccer and P. A. ZimmMerRMAN, J. Amer. Chem. Soc. 75, 3940 (1953) 
'T. and P. A. ZIMMERMAN, Science 120, 539 (1954) 
T. Moecrer and G. W. Cutten, J. /norg. Nucl. Chem. 10, 148 (1959). 
Dimethylformamide. Product Information Bulletin. E. 1. duPont de Nemours and Company, Wilmington, 
Del. (1953). 
2) G. R. Leaper and J. F. Goramtey, J. Amer. Chem. Soc. 73, 5731 (1951). 
3) —. P. Ames and P. G. Sears, J. Phys. Chem. 59, 16 (1955). 
‘4) PG. Sears, E. D. Wicnorr and L. R. Dawson, J. Phys. Chem. 59, 373 (1955). 
5) A. L. Hanson, D. Froxser and D. Mitcuett, Metal Finishing 49, No. 4, 48 (1951). 
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bromide and nitrate are extremely soluble in anhydrous N:N’-dimethylformamide 
(251-2 and >447 g/l. at 30°C, respectively) but that the strongly oxidizing anode 
products liberated on electrolysis interfered with cathodic reduction, it was felt 
that the anhydrous iodides would combine excellent solubility characteristics with a 
minimum of interference from anode products during electrolytic studies. To this 
end, the synthesis of anhydrous, but solvated, iodides and the conductance and 
electrolysis behaviours of such solutes in N:N’-dimethylformamide have been 
investigated. 
EXPERIMENTAI 
Materials, apparatus and techniques. Commercially available N:N’-dimethylformamide was 


dried t ‘thod of Leaper and Gormotey'™’ during the early stages of this study. However, 


the procedure of THomMaAs and RocHow was found to be much more effective and was employed 
during the later stages. Final drying after removal of the benzene—water azeotrope was effected 
with barium oxide. The lowest specific conductance of solvent dried in this manner was 3-7 10°’ 
mho cm! at 25 C. It is of interest that the solvated iodides described below are at least as effective 


as desiccants as barium oxide 
Rare-earth metal oxides of 99-9 pel cent purity were obtained either from the Lindsay Chemical 


Division of the American Potash and Chemical Company or from the University of Illinois stocks 


Much of the apparatus employed was that previously described The techniques were 
gene similar All solubility conductance measurements were made at 25 0-025 ¢ \ 
single-barrier electrolysis cell was adapted for magnetic stirring by means of a small well at the 
bottom of the cathode compartment A commercially available* rubber suction bulb permitted 
accurate pipetting in the dry box, and a static ¢ liminator* reduced mechanical losses during transfet 
of solid X-ray powder patterns were obtained with a 114-59 cm (diameter) Norelco camera 

Preparat f iodides. Acetyl iodide procedure. WATT et al have obtained various anhydrous 
halides by treating the approp ate hydrated acetates with acetyl halides in benzene but have yt 
no quantitative data for 1odides Extension of thei procedure to the synthesis of rare-earth metal 


iodides gave only highly impure products. However, reaction with acetyl 1odide in N:N’-dir natin’ 
formamide vielded solvated iodides, as 


+ 3 + x) CH,COI ——» Lnl,-8DMF + 3(CH,CO),O xHC,H,O, + xHI 


F« ch reactions, acetyl iodide prepared by the method of THrete and HAAKH was suitable 
H ed rare-earth metal acetates were obtained by the procedure of Bittz and Bittz." In 

typical preparation, 5 g of the appropriate acetate was slurried vith 100 ml of N:N’-dimethylformamide 
in a SU round-bottomed flask 4 two-fold excess of fres y p epared acetyl iodide was added 
in seve s! portions. Excessive pressure build-up was avoided by momentarily loosening the 
stopper seve time rhese oper itions Were carried out in in open hood care being taken to keep 
the flask ppered as mucn as possible The res ’ clear, brown solution was cooled to room 
temp re by brief C dry ice-acetone bath. Then, 50 ml of anhydrous diethyl ether 
vA several port , wilh vigorous agvital n nd cooling in the dry ice—acetone bath 
The brown crystallit olid produced was washed wi ether by decantation. The washed solid 
was dissolved if ni ium of DMF, and crystallization b iddition of ether w $ repeated Alternate 
dis tion and precipit n were carried out until crystalline products free from brown contamination 
resulted The final products ere washed thoroug \ ith ether and dried in vacuo Yields varied 
fre 75 to 95 per cent. The first two or three precipitations with ether were usually hamper 1 by 
se tion of two liquid layers. Continued vigorous agitation an id cooling effected crystallization. 


Reco Neut it, Mo B”’. Eberbach and Son Co., A Arbor, Mich 
G. W. CULLI Doctoral Dissert n, University of I ms (1956) 


4. B. Tuomas and E. G. R Hi J. Amer. Chem. Soc. 79, 1843 (1957). 

G. W. Wart, P. S. Gentice and E. P. Hetvenston, J. Amer. Chem. Soc. 77, 2752 (1955). 

J. Torece and H. Haakn, Liebigs Ann. 369, 131 (1909) 

H. Bittz and W. Bittz, Laboratory Methods of Inorganic Chemistry (2nd Ed.), p. 245. John Wiley, New 
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Preparation of iodides. Metathesis procedure. The small solubility of potassium chloride and 
the large solubility of potassium iodide in N:N’-dimethylformamide permit metathetical reactions 
of the type 


DMI 
LnCl, (soln.) 3K I (soln.) ———» (soln.) 3K CI (solid) 


Ina typical synthesis, 5 g of neodymium chloride 6-hydrate was added to 150 ml of the dimethylform- 
amide. Then 150 ml of benzene was added, and the benzene—water a eotrope was removed by 


distillation Continued distillation removed excess benzene and left a solution of anhydrous 
neodymium chloride in the dimethylformamide. This solution was thet cooled and treated with a 
stoicheiometric quantity of potassium iodide in the solvent. The resulting s ispension was digested 
under a reflux condenser carrying a drying tube and then filtered in the d x. The solvated iodide, 
Ndl, 8DMF, was recovered by addition of ether. and the small quant of remaining pota im 
chloride was removed by dissolving in dimethylformamide. filte ing off the residual potassium 
chloride, and reprecipitating with ether. The yield was 89 per cent 

inalytical procedures. The rare-earth metal content of the solvated des was determined by a 
modification of the ethylenediaminetetraacetic acid titration proces ing temperatures of 
60-70 C to improve the end point. lodide was determined | 1e rd method, and carbon, 
hydrogen, and nitrogen by the usual microanalytical techni es for rare-earth metals 


in electrolysis operations were effected either | titration or by oxalate precipitation 


RESULTS AND DISCUSSION 


Solvated iodides. Analytical data summarized in Table | indicate compositions 
very close to Lnl,-8DMF in all instances. Although results for the neodymium 
compound show that the two procedures give identical products, the possible presence 
of potassium salts in the sample prepared by metathesis precluded its use for 
conductance studies. 

The crystalline solvates are extremely hygroscopic and must be handled in the 
dry box. They dissolve readily in anhydrous N:N’-dimethylformamide, but traces 
of water in the solvent yield gelatinous, partially hydrolysed, insoluble products. 
Solubilities, as determined by analysis of aliquots after equilbration at 25 0-025°C, 
are summarized in Table 2 and Fig. 1. A discontinuity is apparent at praseodymium. 
Ihe colours were those of the cations present. 

Well-defined X-ray diffraction patterns could not be obtained because of 
decomposition of the samples even upon only very short exposure to the X-ray beam. 
Even the poorly defined patterns obtained suggest isomorphi 1 the series. 

Conductance studies. Conductance data for the anhydrous systems are summarized 
in Table 3 and Fig. 2. It is apparent that in the series fi lanthanum through 
gadolinium conductance in the more concentrated solutions dect es with decreasing 
crystal radii. It is probable that the smaller cations move more slowly through the 

ution under applied potential because of greater solvation. As expected, these 
differences are less noticeable in the more dilute regions where all the salts become 
nearly alike. The conductance behaviour is that of a weak electrolyte in each instance. 


Comparison of these conductance values with those previously reported, 


indicates the iodides to be stronger electrolytes in N;N’-dimethylformamide than 
the bromides or nitrates in ethylenediamine or monoethanolamine. 

Electrolysis studies. These were limited to lanthanum and neodymium iodide 
solutions as typical. In no instance with platinum foil, platinum gauze or copper 
foil cathodes was there conclusive evidence for deposition of the metal. Gassing 


around the cathode was common. In a single electrolysis using lanthanum iodide 


*) G, SCHWARZENBACH, Die Komplexometrische Titration p. 68. F. Enke, Stuttgart (1956) 
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TasLe |.—Properties oF SALTS 


Analytical data 


Calculated for LnI,-8 DMF 


Sy mbo]l 


Atom ratio 


12-57 
34-48 
26-10 

10-15 
11-59 


12:74 
34-4] 
26°05 

5-10 
10-13 
11-57 


13-00 
3431 
25-97 

5-09 
10-10 
11-53 


13-00 
3431 
25-97 

5-09 
10-10 
11-53 


13-48 
34-12 
25-83 

5-06 
10-04 
11-47 


13-98 
33-92 
25-68 
5-03 
9-99 
11-40 


12-45 
33-88 
26°16 

§-22 


10-29 
12-00 


12-86 
34:36 
25-90 
5-03 
9-91 
11-94 


12-95 
34-38 
26°21 
5-14 
9-83 
11-49 


12-89 
34-61 
26°02 
5-07 
999 
11-42 


13-49 
33-80 
25-89 

5-08 
10-06 
11-68 


14-01 
33-91 
25°46 
4-96 
9-62 
12:04 


Found 


Atom ratio 


Melting point 
(sealed tube) 
CC) 


102:0-104-0 


* Oxygen calculated by difference 


+ Prepared by metathesis. All other samples by acetyl iodide procedure. 
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a 

3 La 1 1-00 73-0-75-0 
a I 3 2-98 

3 Cc 24 243 

q H 56 57-6 

o* 8 8:37 

Pr 1-00 90-5-92-5 
I 3 2-96 

4 24 93-7 

2 23-7 

a H 56 54 

4 N & 5 

o* 8 8-17 

Nd 1-00 
20 vol, 
H 56 56-8 
4 N s 7-82 959/6( 
o* 8 8-00 

Ndt 1-00 

q I 3 3-05 

q Cc 24 24:3 

4 H 56 563 

N 8 7-98 

o* 8 7-99 
Sm 1-00 97-5-100-0 
4 Cc 24 240 

4 H 56 563 

N 8-02 

4 o* 8 8-14 

I 3 2-99 

24 23-7 

H 56 55-1 

N & 7-69 

o* 8 8-43 
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at an initial current density of 1-1 mA/cm? under a potential of 25 V, a black deposit, 
accompanied by gassing, hissing and sparking, appeared at localized spots on the 
platinum foil cathode. Rotation of the cathode caused uniform deposition over its 
surface. Simultaneously, the catholyte became dark in colour and developed the 
pungent odour of solvent decomposition. Analyses showed that some 38 per cent 


TABLE 2.—SOLUBILITY DATA AT 25 — 0-025°C 


Solubility 
Compound 


(g mole/|.) 


Lal, 8DMF 578: 0-5240 
Pri, 0-6650 
Ndl, : 0-5921 
SmI, 8DMI 52 0-4666 
Gdl, 8DME 0-4018 


of the lanthanum originally present in the catholyte had been removed and that 
the cathode deposit contained 63-04 per cent lanthanum, 4:23 per cent carbon, 
0-74 per cent hydrogen, and 1-32 per cent nitrogen. The black deposit was unreactive 
toward the atmosphere but reacted vigorously with either hydrochloric acid or 
nitric acid. In each instance, a small quantity of black residue remained. Only a 
few faint diffraction lines could be seen on a powder pattern. Heat treatment in vacuo 


TABLE 3.—CONDUCTANCE DATA FOR IODIDE SOLUTIONS AT 25 0-025°C 


SDME Pri, 8DMEI SmlL,8DME Gdl, 8DMEI 


1 
mho cm* 


normality 
equivalent conductance 


at 1000°C for 14 hr, effected no visible agglomeration or fusion. However, a larger 
number of illdefined diffraction lines resulted. Comparison with patterns for 
lanthanum and its oxide showed a number of lines common to both metal and oxide 
patterns but also a number characteristic of neither. It is probable that some metal 
was deposited but that contamination with organic material was excessive. However, 
a similar deposit was not obtained in any other experiment. 
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' 
(g/I.) 
1 i A 
N N N N N : 
mho cm* mho cm- mho cm* 3 mho cm 
x10 x10 10 10 10 i 
equiv 4 equly equly 
15°75 999 10°61 843 8-03 700 6-66 603 687 
= 394 22-27 500 13°57 422 11-06 350 10°66 01 11°25 
ia 197 27°43 250 19°61 211 17°69 175 16°40 151 17-05 
33-84 125 25-96 105 24°38 21°83 75-4 24°67 
492 38°21 62-4 32-21 $2:7 33-21 43-7 30°43 37°7 30°77 
24°¢ 44°54 31°2 26°3 39°54 219 37-81 37-77 
12°3 50°08 15°6 46°50 13-2 49-77 45-60 9 42 46°50 
615 56°91 7-80 55-90 659 58°73 5°46 55°49 471 58-60 
3-08 65°91 3-90 65-90 329 67-78 2-73 65-93 2-35 68-09 
1°54 73-38 1°95 73-85 1°65 74°55 1°37 75-18 1-18 75-76 
0-77 78°93 0-98 81°66 O82 84°33 0-68 84°63 0-s9 82:00 
0-39 87-01 0-49 91-80 0-41 89°54 0-34 91°46 029 88-10 
0-19 90-63 0-24 93-85 O21 94°] 93-5 o1s 90°48 
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White, non-adherent cathode deposits resulted in many instances. These solids 
contained rare earth (ca. 50 per cent by weight), reacted with acids and were not 
hygroscopic. They were amorphous to X-ray. Heat treatment evolved condensible 
vapours (probably solvent) and yielded black solids giving poorly defined and 
uncharacterizable powder patterns. These deposits were larger with lanthanum 
than with neodymium. Stirring had no effect. 

Darkening of the catholyte and production of amine-like odours indicate 
electrolytic decomposition of the solvent. Electrolysis of N:N’-dimethylformamide 
with lead electrodes is said to effect ca. 52:7 per cent reduction of the material.'2-* 
The anolyte remained unchanged. Liberated iodine did not diffuse into the cathode 
compartment. 

Neodymium amalgams resulted with a stirred mercury-pool cathode. A typical 
7} hr electrolysis with an initial current of 100 mA at 20 V yielded a liquid amalgam 
containing 0-86 per cent neodymium. Removal of neodymium from the catholyte 
was essentially complete. The neodymium content of the anolyte decreased from 
0-1878 M to 0-1703 M. Solvent decomposition and precipitation of a gray solid 
were noted in the cathode compartment. Formation of the latter also characterized 
electrolytic preparation of the amalgam in ethanol. Neodymium amalgams 
develop voluminous oxide coatings on exposure to moist air and react readily with 
dilute acids. 
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Abstract—Literature reports of the complexes, PCl,-BF, and PCI,-BCl,, were investigated by 


conducting vapour pressure-composition measurements on the systems at low temperatures. Large, 
deviations from ideal liquid behaviour were observed in both cases, indicating no tendency 


plex formation. An examination of the properties of POCI,-BCI, indicates the complexes 


in the literature to be phosphorus oxychloride—boron trihalide addition compounds. The 

tion complexes of boron tribromide with phosphorus trichloride and tribromide were 

hus confirming the existence of these complexes. The PCI,-BBr complex was noted to 

ge on standing. The AsC},-BCI, system was studied and found to be analogous to the PCl,- 

BF, system. Examination of the PCI,-Al,Cl,, PCl,-Ga.Cl,, AsCl,-Al,Cl,, AsCl,-Ga,Cl,, SbCI,-BCl,, 

AsBr,-BBr, and SbBr,-BBr,, systems failed to give any evidence tor the formation of stable complexes. 

Thus, of the halides studied only phosphorus trichloride and tribromide exhibited basic tendencies. 
The donor tendencies of the trihalides of phosphorus are discussed 


IT is known that the trimethyl derivatives” as well as hydrides of phosphorus, arsenic 
and antimony.” exhibit basic properties in reactions with typical electron pair 
acceptor molecules. 

In connexion with the trichloride derivatives, | : | complexes of phosphorus 
trichloride with boron trifluoride,’ boron trichloride®’ and boron tribromide“ 
have been reported. In these phosphorus trichloride is believed to act as an electron 
pair donor. There exists also a report of a | : 1 complex between phosphorus 
tribromide and boron tribromide.'® In the case of arsenic trichloride and antimony 
trichloride no complexes with the boron trihalides are known. 

lo ascertain more fully the relative donor tendencies of the trihalides of phos- 
phorus, arsenic and antimony the phosphorus trihalide-boron trihalide complexes 


ted in part from a tl s submitted in partial fulfillment of the requirements for the degree 
of the work was conducted at Carnegie Institute of Technology 
and Inorganic Division at the 129th Meeting of the American 
a grant from the Atomic Energy Commission for the study of 
t Meta 
mplex, P¢ as been shown by GROENEVELD et al.'"' to be actually POC], . TiCl, 
P . BH,, probably has special bonding in view of the non-existence of F,P . BI 
R.H \RRI Ph.D. Thesis irdue University (1952) 
N. SipGcwi he Chemical Elements and Their Compounds Vol. 1, pp. 761 and 797. Clarendon Press, 
Oxi 
FE. Fur Rk. Ph.D. Thesis, Purdue University (1952) 
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E. WiperG and K. Suuster, Z. Anorg. Chem. 213, 94 (1933) 
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reported in the literature were reinvestigated. The studies were extended to the 
investigation of the trichlorides and tribromides of arsenic and antimony with boron 
trichloride and boron tribromide. Attempts were also made to form complexes by 
interacting the trichlorides of phosphorus and arsenic with aluminium and gallium 
trichlorides. 


RESULTS AND DISCUSSION 


Phosphorus trichloride—boron trifluoride 

he results (Table 1) of the vapour pressure—composition measurements made on 
the solution of gaseous boron trifluoride in liquid phosphorus trichloride at —78-5 
show the gas to be very insoluble. The Henry's law constant was calculated to be 


TABLE | THE PHOSPHORUS TRICHLORIDE-BORON TRIFLUORIDE SYSTEM AT 78-5 


Puy, (exptl) Mole fraction Puy. (calc.)* 
(mm) BF, (mm) 


63-2 0-0054 14-0 


220-5 0-014 
318-1 0-024 62-2 
440-0 0-033 85-5 
490-8 0-035 90-7 


* Calculated pressures using Raoult’s law. A value of 3-41 atm was used for the 


vapour pressure ot pure boron trifluoride 


1-3 10'mm. There is noted a linear variation of pressure with increasing mole 


fraction of boron trifluoride. Furthermore, when these results are compared with 


those expected for ideal liquid behaviour (column 3 of Table 1), large, positive de- 
viations are observed. Thus, the evidence points to the nonexistence of any stable 
complex. 


The result obtained in this study is in marked contrast to observations made by 
BAUMGARTEN and Bruns." They claimed to have isolated a | : | addition complex 
of phosphorus trichloride and boron trifluoride from petroleum ether at —12°. The 
substance was reported to be a white crystalline solid which began to decompose 
at 


Phosphorus trichloride-boron trichloride 


No apparent reaction was observed on treating phosphorus trichloride with 
boron trichloride in vacuum at dry ice temperatures, as evidenced by the complete 
recovery of the volatile component, boron trichloride. 

Further measurements were made on the system by studying the pressure-com- 
position diagrams at 25-4° and —45-0°. 

Table 2 lists the results obtained at 25-4° where both components were entirely 
in the gaseous phase. On comparing columns | and 3, close agreement between the 
experimental pressures and those calculated from Dalton’s law is observed, showing 
that no interaction took place. 


' H. S. Booru and D. R. Martin, Boron Trifluoride and Its Derivatives. Jo Wiley, New York (1949) 
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Table 3 lists the data on the pressure of boron trichloride gas over liquid phos- 
phorus trichloride at —-45-0°. The pressure varies linearly with increasing mole 
fraction of boron trichloride. Slight positive deviations from ideal liquid behaviour 
are observed on comparing columns | and 3. As in the gaseous study, the data on 
the liquid clearly show that no tendency for association or complex formation exists. 


TABLE 2.—THE PHOSPHORUS TRICHLORIDE-BORON TRICHLORIDE SYSTEM AT 25-4 


Total press. (exptl) Mole ratio Total press. (calc.)* 
(mm) BCI,/PC1, (mm) 


0-0 

0-170 
0-282 
0-399 
0-527 
0-663 
0-861 
1-123 


Total pressures calculated assuming additivity of the partial pressures of each component. 


TABLE 3.—THE PHOSPHORUS TRICHLORIDE—BORON TRICHLORIDE SYSTEM AT —45-0 


Total press. (expt) Mole fraction Total press. (calc.)* 
(mm) BCI, (mm) 


0-085 
0-218 
0-309 
0-374 
0-435 
0-481 
0-524 
0-556 
0-593 


* Pressures calculated from Raoult’s law, Peaica Px pe ls P* ls (1 
Ngci.). A value of 50-0 mm was used for the vapour pressure of pure boron trichloride 
(P*zei,)'"’ and a value of 2-5 mm for the vapour pressure of pure phosphorus tri- 


chloride at —45-0 


Again the results are not in accord with the literature. Stieper’? claimed that 
by mixing liquid boron trichloride and phosphorus trichloride at temperatures 
between room temperature and —80°, a 1:1 complex formed on removing the 
excess reactant by evaporation in vacuo. The product was a white, crystalline solid, 
readily sublimable and decomposed by water or alkalies. 


1) A. Srock and O. Priess, Ber. Dtsch. Chem. Ges. 47, 3109 (1914). 
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Phosphorus oxychloride—boron trichloride 


When phosphorus trichloride, which had not been purified too carefully, was mixed 
with boron trichloride in vacuum at —45°, a small amount of white needles precipi- 
tated from the liquid mixture. The needles possessed properties similar to the ones 
reported by Srieper.’ They were easily sublimable at room temperature and 
readily hydrolysed by water. 

This substance was felt to be a result of a reaction of boron trichloride with an 
impurity in phosphorus trichloride. It is known that phosphorus trichloride absorbs 
oxygen readily from the air forming phosphorus oxychloride.’ The latter substance 


TABLE 4.—SATURATION PRESSURE DATA FOR PHOSPHORUS OXYCHLORIDE—BORON 
TRICHLORIDE AND THE UNKNOWN SOLID 


Cl,PO : BCI, Unknown solid 


Press. Temp. Press. Temp 
(mm) (C) (mm) (C) 


was thought to be impurity. To check this, a known sample of Cl,PO-BCl, was 
prepared by direct interaction of the components in the vacuum system. The satura- 
tion vapour pressures were obtained at a series of temperatures and compared with 
similar measurements made on the unknown solid. The results are summarized in 
Table 4 and plotted in Fig. 1. The points fall on the same straight line, thus identi- 
fying the unknown solid as the addition compound, Cl,PO-BC1,. 

Reaction of phosphorus trichloride and tribromide with boron tribromide. On 
treating boron tribromide with phosphorus trichloride at 0°, the solid addition 
product, PCl,-BBr;, formed as reported by WiperG and Suuster’. On standing in 
vacuum for three days, the solid changed to a colourless liquid as reported,” and in 
doing so, a gas was evolved. WiBerRG and SHUSTER made no mention concerning 


the appearance of a gas. The gas was identified as boron trichloride and the liquid 


as phosphorus tribromide. 

The compound, PBr,-BBr,, prepared by Tarisie'®” who reported it as a white 
solid, melting at 61°, was confirmed. It melted at 61-62° and remained unchanged 
on standing in vacuum. 


2) N. SipGwick, The Chemical Elements and Their Compounds Vol. 1, p. 753. Clarendon Press, Oxford 
(1950) 
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40 0-0 4:8 0-0 
61 5-6 9-4 9-7 
9-2 10-1 14-1 14:8 
20-6 20-0 20-7 19-6 
lol, 
33-9 26:4 29-9 24:2 
12 30-0 24-4 
19/60 44-2 29-5 
67:1 35-1 
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{rsenic trichloride—boron trichloride 


Pressure-composition measurements were made at 0° on the solution of boron 
trichloride in liquid arsenic trichloride. The results are summarized in Table 5 and 


plotted in Fig. 2. The figure shows that no reaction has occurred; moreover, the 


system exhibits large positive deviations from ideal behaviour. 


Temperature va th lissociation pressure phosphorus oxychloride 


boron trichiori 


irsenic tribromide—boron tribromide and antimony tribromide—boron tribromide 


Arsenic tribromide dissolves in boron tribromide at room temperature with the 
absorption of heat giving a colourless solution. The solubility at 0° estimated from 
vapour pressure lowering data assuming ideal solution behaviour is 30 g of arsenic 
tribromide per 100 g of boron tribromide. The pressure composition diagram at 0 
showed no indication for formation of a complex. Table 6 summarizes the data. 
In the experiment, 1-40 mmoles of arsenic tribromide was used. 

Antimony tribromide (1:73 mmoles) and boron tribromide (3-77 mmoles) were 
brought together in the special ampoule, sealed and allowed to remain in contact for 
several hours. The antimony tribromide appeared insoluble at room temperature, 
but on heating, a miscible system formed. On cooling solid separated out. This 
process was repeated. Analysis of the volatile products showed no reaction had 
occurred. Complete recovery of the boron tribromide (3-77 mmoles) was effected. 

In a further experiment boron tribromide was added to a solution of antimony 
tribromide in carbon disulphide at room temperature. No reaction was observed to 
take place 
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TABLE 5.—-THE ARSENIC TRICHLORIDE-BORON TRICHLORIDE SYSTEM AT O 


Exptl. press. Mole fraction Calc. press 


(mm) BCI, (mm) 


0-030 
0-070 
0-134 
0-216 
0-373 
0-426 
0-498 
0-547 


0-585 


271 
66-2 17-7 
120-4 14-7 
179-6 66-9 
230-4 106 
268-7 146 
120 
316-5 205 
335-9 240 
344-8 263 
362-2 281 
Press res’ Calculated from Raoult’s P 
as Nae where P 476 mn Ps > mm 
il 
A 
360 
ol, 
12 
250 
> 
B 
d 
4 
j 
4 
j 
0-2 0-5 
Mole frection. BCis 
Fic 2 The onde boron tr ‘ ‘com at ‘ sperimenta: cur 
B, Raoult’s law 
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Other systems studied 


Attempts were made to form complexes between each of the following pairs of 
trihalides: PCl,-Al,Cl,, PCl,-Ga,Cl,, AsCl,-Al,Cl,, AsCl,-Ga,Cl, and SbC1,-BCI,. 


The starting components were completely recovered in all cases, showing the lack of 


reaction leading to the formation of stable complexes.” 


CONCLUSION 
To summarize, literature reports of the existence of the complexes, Cl,P-BF, 
and Cl,P-BCl,, were proven erroneous. Using a stronger electron pair acceptor 
molecule, boron tribromide,“’ the complexes with phosphorus trichloride and 


TABLE 6 [HE ARSENIC TRIBROMIDE-—BORON TRIBROMIDE SYSTEM AT O 


n BBr Press 


n AsBr. (mm) 


phosphorus tribromide were verified, the former being unstable with respect to 
exchange. With other donor molecules, aluminium trichloride and gallium tri- 
chloride, no interaction was observed with phosphorus trichloride. Complete lack 
of any basic tendencies was manifested by the trichlorides and tribromides of arsenic 
and antimony in the systems studied. Thus only phosphorus trichloride and tri- 
bromide show any donor tendencies and the latter are only observable when a strong 
acceptor molecule is employed. Possibly with the use of stronger acids basic ten- 
dencies may be observable with trihalides of arsenic and antimony as well.* 

The results obtained in this study are in qualitative agreement with what would 
be predicted on the basis of electronic interpretations. 


* There exists stable complexes of phosphorus trifluoride and trichloride of the type, X,P Cl 
Pt 
X,P Cl 
However, the bonds in these compounds are more complicated than the simple electron pair (sigma bond) 
type discussed here. Cuart'!) has postulated that, in addition to the normal sigma bond, these complexes 
contain pi bonding formed by electron donation from filled Sd levels of platinum 
N. N. Greenwoon, J. Inorg. Nucl. Chem. 8, 234 (1958) reports slight interaction between PCI, and Ga,Cl,. 
The phase diagram shows an incongruently melting 1 : 1 compound (m.p. 28°) which exhibits no existence 
in the liquid phase as determined by infra-red data 
14) H. C. Brown and R. R. Hotes, J. Amer. Chem. Soc. 78, 2173 (1956) 
1) J. Cuatt, Nature, Lond. 165, 637 (1950) 
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Phosphorus trichloride is observed to be a much weaker base than the corre- 
sponding hydride or alkyl compound. To illustrate more clea it is known that the 
trimethylphosphine-boron trichloride addition compound is dissociated to a negligible 


extent in the gas phase at 100 The corresponding phosphine-boron trichloride 


“ whereas, in the phosphorus trichloride 


complex begins to dissociate above 20 
boron trichloride system, no tendency for association was observed down to Dry Ice 
temperatures 

Moreover, on changing the central atom from phosphorus to arsenic, basic 
tendencies decreased as expected, in the line with the increased nuclear charge on the 


heavier atom 


Taste 7.— VAPOUR PRESSURES OF THE PURIFIED LIOUt 


Compound Press 


(mm) 


It is interesting to note that both phosphorus trichloride and tribromide possess 
acceptor properties as well; for example, reacting with trimethylamine to form easily 
dissociable 1 : | adducts.* Thus, it might be said that the phosphorus trihalides 


are rare examples of amphoteric substances in the Lewis sense, behaving both as weak 


electron donors and weak electron acceptors. 


EXPERIMENTAL 


Materials. Boron trifluoride (Matheson) was purified by preparation of the addition compoun 


nr 


with anisole, followed by regenerauion at higher temper itures The ga me 1a vapour press 


of 298 mm at 111-8 with a molecular weight of 68:1 as compared to calculated value of 


List 


Boron trichloride (Matheson) was readily purified by regeneration fro ¢ nitrobenzene adc 


compound using a procedure previously reported.'"*’ The resultant material was tensiometric 
I 


homogeneous and exhibited a vapour pressure of 476 mm at 0 

Boron tribromide was a sample previously prepared by the reaction of bromine with calcium 
boride and purified by distillation in an all-glass fractionating column, b.p. 90-2" at 748 mm, vapour 
pressure 19-0 mm at 0 

Phosphorus trichloride, phosphorus oxychloride and arsenic trichloride were purified in 
vacuum system by repeated fractionation of the liquids through appropriately cooled traps 
vapour pressures are given in Table 7. 

Phosphorus tribromide (Eastman Kodak), supplied in a sealed ampoule, was used without 
further purification. It was opened in a dry box just prior to transferring it into the vacuum system 

The trichlorides of aluminium, gallium and antimony were purified by sublimation in vacuum 
just prior to their use in the reactions studied. The gallium trichloride was part of a sample prepared 
by the action of hydrogen chloride on gallium metal in an all-glass system at 200 Aluminium 
trichloride and antimony trichloride were reagent grades available commercially 

Arsenic tribromide (City Chemical Corp., New York) was used without further purification 


* An elaboration of the thermodynamic properties of complexes of this type and resultant discussion 
of the nature of the acceptor bond is to be published soon 


16) DPD. R. Martin, Chem. Rev. 34, 461 (1944) 
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Antimony tribromide (Fisher Scientific Co.) was purified by sublimation in vacuum just prior 

to its use in the reaction studied 
ipparatus. The pressure-composition studies, performed at or below room temperature, were 
carried out with a Henry’s law apparatus attached to the vacuum system similar to that used pre- 
viously The procedure followed was to introduce or remove known increments of the volatile 
component in a two component system The pressure in the reaction system was measured after 
tion or removal, allowing sufficient time for equilibrium to be established. In this way the 


diagram was obtained which indicated the extent or lack of interaction. 


lying the interaction in systems at temperatures above room temperature, a special glass 
oule was employed (Fig. 3) 
| Ka experime! 


amount of the nonvolatile component was introduced into section (C) and the ampoule 


nt the ampoule was filled with dry nitrogen, weighed and placed in a dry 


The ampoule was evacuated and the material in the side arm sublimed into section (A) 
ce cone trapped the sublimate in the ampoule proper. After sublimation the side-arm was 


dry nitrogen admitted and the ampoule and sealed off portion reweighed to obtain the 


sealed I, 
weight of the sublimate. The apparatus was then reevacuated. An excess of the volatile component 


was measured out and condensed in the ampoule. Arm (D) was sealed off. Following this the am- 


poule and contents were heated to about 100°, generally for approximately one to three hours 
Afterwards, if the solid was insoluble in the liquid component, it woud be heated gently to melting 
with a cool flame to allow for reaction, if any, to take place in the liquid phase. The ampoule was 


reattached to the vacuum system, opened by dropping a glass-enclosed iron hammer on the break 


tip (B) and the volatile component removed and analysed to ascertain if reaction had occurred 


Decomposition of phosphorus trichloride—boron tribromicd The gaseous product from the room 


temperature decomposition of PC],-BBr, was investigated. It was fractionated in vacuum and found 


H. C. Brown, L. P. Eppy and R. Wonca. J. Amer. Chem. Sox 75, 6275 (1953). 
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to be tensiometrically homogeneous. It exhibited a vapour pressure of 4mm at —78-5 with a 
molecular weight of 113, identifying it as boron trichloride (calculated molecular weight is 117) 
The extent of exchange corresponded to 94 per cent completion in three days as measured by the 
amount of boron trichloride that was given off. The liquid remaining had a negligible vapour pressure 
at room temperature. On considering the stoicheiometry involved, it is presumed that the liquid is 


phosphorus tribromide. 
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Abstract—The thermal decomposition of europium, gadolinium, dysprosium, holmium, erbium, 
thulium, ytterbium and lutetium nitrate 4-hydrates was studied by means of the thermobalance and 
differential thermal analysis (DTA). The compounds were classified into three groups on the basis of 
their thermal decomposition patterns: Group A—europium, gadolinium and dysprosium; group 
B—holmium, erbium and thulium; and group C—ytterbium and lutetium. The DTA endotherms 


agreed fairly well with the corresponding decomposition reactions found on the weight-loss curves. 
= 


ONLY fragmentary information is available in the literature concerning the thermal 
decomposition of the rare-earth nitrate hydrates. Several early studies have reported 
the melting points and minimum dehydration temperatures for a number of the metal 
nitrates."’ Dutt,’ by thermal decomposition weight-loss studies as well as Vol, 


conductometric and thermometric titrations, found that intermediate basic nitrates 12 
of the composition, MONO,, M,O,-2MONO,, and 3M,0,°4N,0,, were obtained. 1959/60 
WENDLANDT,”’ using the thermobalance, studied the thermal decomposition of the 
lighter rare-earth nitrates hydrates, those from lanthanum to samarium. It was 
found that the metal nitrates, with the exception of cerium and samarium, decomposed 
according to the general sequence: M(NO,).°6H,O —> M(NO,), —-» MONO, —> metal 
oxide. It is of interest to note that horizontal weight levels corresponding to the 
anhydrous metal nitrates were found in the thermograms. Cerium nitrate hydrate, as 
was expected, decomposed directly to CeO, without the formation of an intermediate 
basic nitrate while samarium did not give an anhydrous nitrate weight level. 

In a continuation of this previous study, the thermal decomposition of the other 
rare-earth metal nitrate hydrates, those from europium to lutetium (with the 
exception of terbium) were studied on the thermobalance and also by differential 
thermal analysis (DTA). 

EXPERIMENTAI 


Thermobalance. The auto natic-recording thermobalance has previously been described."*’ The 
rare-earth nitrate 4-hydrates were thermally decomposed to the oxides using sample sizes ranging in 
weight from 80 to 90 mg. Duplicate, and in some cases, triplicate runs were made on each compound. 
rhe furnace heating rate was 5-0 C per min. A slow stream of air was passed through the furnace 


during the pyrolysis run 


J. W. Mettor, A Compreher é on Inorganic and Theoretical Chemistry Vol. 5, Chap. 38 
Longmans, Green, London 

N. K. Dutt, J. Indian Che , 97, 107 (1945) 

W. W. WENDLANDT,. Ana hiv §, 435 (1956) 

W. W. WENDLANDT. Ana 
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DTA apparatus. The apparatus consisted of a Nichrome wound stainless steel tube furnace and 
sample holder, a motor driven Powerstat to control the furnace heatir g rate, and a microvolt strip- 
chart recorder. The differential temperatures in the sample wells were detected with platinum—90 
per cent platinum—10 per cent rhodium thermocouples Sample sizes ranged from 300 to 375 mg. 
rhe samples were diluted with about one-third their weight with freshly ignited alumina, using alumina 
also in the reference thermocouple well. The furnace heating rate was about 10-5°C per min 

Chemicals. The rare-earth compounds were obtained in the form of their oxides of 99-9 purity 
from Research Chemicals, Inc. Burbank, Calif., and the I indsay Chemical Co., West Chicago, III 
The purity of the compounds was that listed by the supplier 

Preparation of the metal nitrate hydrates. The rare-earth oxides were dissolved in a minimum 
amount of 6 N HNO,, evaporated to about one-half their initial volumes, and allowed to crystallize 
in a desiccator over concentrated H,SO,. In all cases, the rare-earth nitrate 4-hydrates were obtained 


DISCUSSION 
Thermobalance studies 
The thermal decomposition curves of the metal nitrates are given in Figs. | and 2 
with the composition data being given in Table 1. 


Fic. 1 Thermobalance weight loss curves Fic. 2 Thermobalance weight loss curves 
for the rare-earth nitrate 4-hydrates for the rare-earth nitrate 4-hydrates 


The amount of hydrate water found in the metal nitrates, with the exception of 
ytterbium, was not in agreement with a previous study.'°) MaRsH found that 5- and 
6-hydrates were generally obtained, with a 3-5 and 4-hydrate being reported for 
ytterbium and at 4-5-hydrate for lutetium. The lower hydrates found in this 
investigation were probably the more stable compounds formed on desiccation over 
concentrated H,SO,. 

The general pyrolysis patterns for the metal nitrates can be classified into three 
main groups. They are: Group A—europium, gadolinium and dysprosium; Group 
B—holmium, erbium and thulium; and Group C—ytterbium and lutetium. 

In Group A, the general pyrolysis pattern consisted of the following sequence: 
M(NO,),."4H,O MONO, M,O,. The minimum decomposition temperatures 
for step | were from 75° to 80°C, while for step II, they were from 455° to 480°C. The 


J. K. Marsn, J. Chem. Soc. 561 (1941). 
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minimum oxide level temperatures were in the 730°-760°C temperature range. It is 
of interest to note that horizontal weight levels corresponding to the composition, 
MONO,, were found for europium and dysprosium but not for gadolinium. The 
MONO, weight levels were stable over a 50° temperature range at the heating rate 
employed. The experimental composition data corresponding to the M,O,-MONO, 
compounds were probably fortuitous since horizontal weight levels were not obtained. 


TABLE THE THERMAL DECOMPOSITION OF THE RARE-EARTH NITRATE HYDRATES; 
COMPOSITION DATA 


Oxide 


M(NO,),-4H,O MONO, Other 


found alc found calc. 


93-5 Eu,O, EvONO, 

92-2(615 C) 90-72 

92:7 Gd,0, GdONO, 

93-2(585 C) 90-95 
Dy,O,DyONO, 

93-3610 C) 91-19 

53-9 Ho(NO,), 

$1-0(245 C) 53-83 


Europium 


x 


Gadolinium 


Dysprosium 93 


i 
1c 


Holmium 


4 
78:1 
4 
4 


x 
< 


Erbium 


¥ 


Thulium 78-30 


4 
4 


4 


78-48 
(390 


Ytterbium 


x 
4 


Lutetium 78-65 
(380 


It is probable that the composition of the pyrolysis curve would correspond better to 
a mixture of MONO, and M,O, and not to a stoicheiometric compound. 

For Groups B and C, the pyrolysis pattern consisted of essentially the same 
sequence as for Group A except that the MONO, M,O, mixture was missing. For 
step I, the minimum decomposition temperatures were from 55° to 120°C., while for 
step II, they were from 380° to 460°C. With the exception of ytterbium, the minimum 
oxide level temperatures were obtained in the 500°-600°C temperature range. The 
main difference between Groups B and C was the presence in Group B of definite 
horizontal weight levels corresponding to the composition, MONO,. The thermal 
stability of the MONO, compounds in Group B was similar to those found in Group A. 

The experimental composition values found for MONO, in Group C were 
probably fortuitous since horizontal weight levels were not obtained. It is probable 


that the composition of the curve in this region corresponds better to a mixture of 


MONO, and M,O, rather than to a definite compound. 
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In general, it should be noted that the metal oxide levels were obtained at 
increasingly lower temperatures as the atomic weight of the metal ion increased. 
Another trend which may be attributed to the decreasing basicity of the rare-earths is 
the absence of the M(NO,), weight level. Such a weight level was found for the 
lighter rare-earth compounds.’ The behaviour of the rare-earth nitrates is thus 
similar, in regards to decreasing basicity of the metal ions, as was found for the rare- 
earth sulphates'® and chlorides.'7* 


DTA thermal decomposition curves for 


the rare-earth nitr hydrate 


Differential thermal analysis studies 


The thermal decomposition curves of the metal nitrate hydrates are given in Figs. 3 
and 4. All of the peaks were due to endothermic reactions and will be designated as 
endotherms. The DTA curves supplement the weight loss curves except that a 
rigorous comparison cannot be made of the endotherm temperatures because of the 
different heating rates employed and also the different furnace conditions. 

The DTA curves for Group A compounds were all quite similar in appearance. 
The first endotherms were due to the fusion of the metal nitrate hydrates. This was 
followed by their gradual dehydration reactions which took place over a 250°-270 
temperature range. Because of these gradual dehydration reactions, the endotherms 
appeared as broad peaks. Before the dehydration was completed, the metal nitrates 
began to decompose through a series of oxynitrates as shown by the next three small 
endotherms he first endotherm maximas occurred in the 36: 5°C temperature 
range, with the others were at correspondingly higher tempera - The terminal 
products in the oxynitrate decompositions were the metal oxides 

As was expected, Group B compounds all gave very similar decomposition curves. 


The main difference between the Group A and B curves was the splitting of the first 


metal oxvnitrate endotherm into two smaller ones. The reason for this splitting is not 


known but a possible explanation for it may be found by examining the thermobalance 

curves for Group B compounds, especially the curve for ho un Holmium gave 

two breaks in the curve before the HoONO, weight level was obtained. The first 

break, at 245°C, corresponded approximately to the composition for anhydrous 
W. W. J/nore. Na Chem. 7, 51 (1958) 


W. W. J. /nore. Nix Chem. 5, 118 (1957) 
W. W. J. /nore. Nucl. Chem. 9, 136 (1959) 


4 GC 
> 
Fic, 3, — Fic. 4.—DTA 
ol, 
| 


280 W. W. WENDLANDT and J. L. Bear 


Ho(NO,).. The second break, at about 345°C, corresponded to an intermediate 
compound of unknown composition, somewhere in between Ho( NO,), and HoONO,,. 
This unknown intermediate compound then decomposed to give the HOONO, level 
at 405°C. 

On the basis of this curve and also the other weight-loss curves in Group B, the 
splitting of the DTA endotherm could be due to the decomposition of the M(NOs), to 
an intermediate compound and the subsequent decomposition of this compound to 
the MONO,. It should be noted that the second endotherm formed during the 
splitting became larger than the first as the atomic number of the metal increased. 
Apparently, the heat of reaction becomes much greater for the latter step. 

The DTA curves for the Group C compounds were also similar to each other in 
appearance. The heat of fusion of the metal nitrate hydrates appeared to be much 
smaller than in the other two groups and was split into two smaller endotherms. The 
second peak in the splitting of the oxynitrate endotherm of the Group A compounds 
has now become much larger than the original first peak. 
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THE SPECIES OF Co(IIl) PRESENT IN AQUEOUS 
PERCHLORIC ACID SOLUTIONS 


L. H. Surcuirre and J. R. 


Department of Inorganic and Physical Chemistry, The University, I iverpool 7 
(Received 28 May 1959) 


Abstract A spectrophotometric study of cobaltic perchlorate solutions has shown that high 
concentrations and low acidities favour the formation of c ymplex species the intensity of abs ption 
of which in the ultra-violet region is much greater than that of the relatively uncomplexed Co(IID) ion 
It is suggested that hydrolysis of the latter occurs rapidly and is followed by the slow formation of 


polynuclear species 


I'He instability of perchlorate solutions of cobaltic ion prevents a really precise study 


being made of the Species present. However, the experience gained in this laboratory 


by working with such solutions has led to an attempt to obtain some semi-quantitative 
data. In a previous paper" the hydrolysis constant of Co(IIl) was determined and 
found to be of the same order as that of Fe(III): furthermore, it was consistent with 
the kinetic data obtained for the effect of acidity on the reaction between Co(II1) and 
Ce(III) ions in perchlorate solutions. The present investigation, while failing to 
lead to a revised hydrolysis constant, has cast some doubt on the earlier findings 

BAwn and Wuire®? have explained the kinetics of the decomposition of aqueous 
cobaltic sulphate in terms of the species CoOH** and (Co—-O—Co)* Recently, 
BAXENDALE and Wetts™ examined the reaction of cobaltic perchlorate with water 
and interpreted their kinetic results by postulating that Co(II) was present mainly 
in the dimeric form; if this is true, then the diamagnetism of cobaltic perchlorate 
solutions” can be explained otherwise than by assuming that the ground electronic 
state of Co**-6H,O has the configuration In addition, these 
workers obtained spectrophotometric evidence for a hydrolysed form. The purpose 
of the studies described here was to obtain spectrophotometric evidence for polynuclear 
species of 

EXPERIMENTAL 

Materials. The preparation of cobaltic perchlorate has been described previously.) Other 
reagents were of A.R. quality 

All optical measurements were made with a Unicam S.P. 500 spectrophotometer in which the 
absorption cells could be maintained at a temperature constant to —0-02°¢ 
acid and sodium perchlorate was added to an aliquot of cobaltic perchlorat 
stock solution maintained at 0 ¢ his procedure enabled experiments to be 
able concentrations of Co(II), as its rate of decomposition is very low at tl tem] Optical 
density readings at 330 my were taken at suitable time intervals and when the a ption reached a 

L. H. and J. R. Trans. Faraday §2, 1225 (1956) 

R. M. Micsurn and W. C. VossurGu J. Amer. Chem. Soc. 77, 1352 (1955) 

C. E. H. BAwn ar G. Wuire J. Chem. Soc. 331 (1951) 
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maximum a portion of the solution was analy sed volumetrically. For the analysis the Co(II) solution 
was added to excess Fe(I]) and back titrated with standard Ce(IV) solution. 


The ionic strength was restricted to the range 1-0 to 1-1 M. 


RESULTS 
Preliminary measurements showed that cobaltic perchlorate solutions which had 
been stored for several days at 0°C became optically unstable (as observed at 330 my) 
when allowed to warm to 20°C, while the chemical composition remained unchanged. 


z 


\ 


> 
2 
Vol, 
1959/6 
Mm 
z Fic | Absorptior vectra of cobaltic perchlorate solutions at 20-00 ¢ The respective 
ionic are 1: 0-06 M, 2-3 M, OM; B: O10M, 


M, ( 029M, 8-0 LOM: D 100 M, 94 M, 
10M; E: 450M, 12°8 M,45M 


The optical density was seen to rise slowly to a maximum; calculation of the extinction 
coefficients showed that the solutions of lower acidity had the higher extinction 
coefficients. These observations suggested that an equilibrium involving a hydrolysed 
species of Co(II) was present which was favoured by increasing temperature. Cooling 
the solutions to 0 C for an hour showed that the equilibrium was not readily reversible. 


[he extent of the optical changes occurring for various conditions is illustrated 
in Fig. |: BAXENDALE and WeLiLs™ obtained similar results. Fig. 2 shows how the 
absorption spectrum is dependent upon the cobaltic perchlorate concentration for a 
. given concentration of perchloric acid. With concentrations of Co(II) as low as 
| l0-’ M, the absorption spectrum was only affected by changes of temperature 


ind acidity; it may be seen from Fig. 3 that the observed molar extinction coefficient 
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(on) at 330 mu (which appeared to be the wavelength most sensitive to changes in 
environment) approaches a constant value of Six at the higher acidities. It is our 
opinion that this value represents the extinction coefficient of Co**-6H,O. The data 
in Fig. 3 enabled a concentration of perchloric acid to be chosen at which hydrolysis 
‘sa minimum; the maximum value of ca. 0-35 M is dictated by the need to maintain 
constant ionic strength. The cobaltic perchlorate concentration was then varied while 


A 

A 

/ 
300 400 500 
m 
Fic. 2 Absorption Spectra of cobaltic Perchlorate solutions at 20-00 « HCIO,) O34 ™M 
and ionic Strength 1-1 M The cobaltic Perchlorate concentr tions are A 18-6 M 
B 9-2 M. ¢ 2:5 M 


suppressing the hydrolysis as much as possible, with the results show n in Fig. 4. An 
interesting feature js that the plots converge to a common intercept corresponding 
to an extinction coefficient of six at 330 my. The points enclosed in squares were 
obtained by allowing the Co(II1) solution to reach a given concentration by thermal 
decomposition rather than by dilution. The remainder of the points correspond 
approximately to the maximum optical density observed, i.e. y hen the hydrolysed 
Species had reached an appreciable concentration: an indication of the time intervals 
required is given in Table |. which contains all the data presented in Fig. 4. Fig. § 
illustrates the rate data for the measurements made at 28-00°C. The initial fall in 
optical density is more likely to be due to reaction of Co(II1) with impurities rather 
than to a shift of equilibrium. From Table | it can be seen that there js a marked 
temperature dependence for the time required to reach the maximum extinction 


| | 
\ 
\ 


H. Sutcuirre and J. R. 


Fic. 3 Variation of the observed extinction coefficient at 330 my with acidity. Temperatures 


4 3200 C, B 28-00 ¢ ( 2400 C, D 20-00 ¢ C, 12-00 ¢ 
2-7 10°*-10-4 


lonic strength 10M Co(IIl) concentration 2 


Co (Ill) conen., 
yn of the observed extinction coefficient at 330 my with Co(II) concentration 
constant ac \ 1 32-00 C, [HCIO,] 0-305 M B 28-00 C, 
20-00 C, 0-330 M lonic trength 1-O-Il-1M 
i from a stock solution which had been allowed to decompose. 


coefficient, which suggests that the heat of formation of the complex species is 
considerable. 

All the data presented so far were obtained from stock solutions of Co(II} 
prepared at 0'C, and in an attempt to gain further insight into the rate processes 
nvolved some electrolytic preparations were carried out at 20°C. On examining the 


r 


i 


th 


esultant cobaltic perchlorate solutions optically at this temperature it was found that 
e optical density still rose to a maximum value as observed previously. This indicates 
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Optical density 
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Fic. 5.—Change of optical density at 330 my with time for various 
solution of cobaltic perchlorate. Temperature = 28-00°C, [HCIO, 


1 cm. The ends of the curves denote the times at which the chemica y were made 


Temp 32-00 € Temp 28-00 ¢ Temp 20-00 € 
[HCIO,) — 0-305 M [HCIO,}] 0-339 M HCIO,] 0-330M 


Time Time [Co(II] Time 
(M) ; (min) (M) (min) (M) (min) 


that at 20°C a complex of high extinction coefficient is formed slowly and therefore 
cannot be a primary product of the electrolysis. Some solutions were prepared from 
the 20°C stock solution which only differed in the concentration of Co(II) ion and 
these were allowed to stand for at least 2 hr: their optical densities at 330 mu were 
then measured, and they were analysed for Co(II). The results obtained (Table 2) 


are to be compared with those presented in Table | and Fig. 4 for a temperature of 
20-00°C. The data in Table 2 do not show a simple relationship for the cobaltic ion 


concentration dependence, and hence it may be concluded that chemical equilibrium 


285 
1-60 
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1-20} i 
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TABLE | 
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is not attained even after an interval of 2 hr. However, the higher values of the 
extinction coefficient obtained suggest that the electrolytic process has been able to 
compete successfully with the reduction of Co(IIl) by water and thus enable a greater 


concentration of the complex to be formed. 


DISCUSSION 
lhe main fact emerging from the above study is that high cobaltic perchlorate 
concentrations and low acidities favour at least one Co(II) species whose absorption 


TABLE 2 
[HCIO,] = 0-315 M, temp. 20-00 
ionic strength l-ltol3M 


[Co(II] fops at 330 my 
(M) 


10-4 10 
5-0 


spectrum is markedly different from that which we assume to be Co**- 6H,O. The 
evidence obtained is consistent with the tentative mechansim: 


Co** + H,O — CoOH* H (rapid) 


Co* CoOH? > Co—O—Co* + H 
(slow) 
and/or CoOH? CoOH- > Co—O—CoOH* H 


There are of course possibilities that the dimer may hydrolyse further or form higher 
polynuclear species. The basic Co—O—Co dimer structure is favoured rather than 
the one postulated for the iron dimer, i.e. Fe(OH),Fe**, because the large changes 
observed in the absorption spectrum might well be the result of forming relatively 
strong bonds. Further support for this idea comes from the virtual irreversibility 
of the dimerization reaction. 

FRIEDMAN ef al. using a modified Quincke method, measured the magnetic 
susceptibility at 1°C of cobaltic perchlorate solutions having a perchloric acid con- 
centration of 4M and found them to be diamagnetic; presumably the Co(III) 
concentration was as high as could be obtained, i.e. about 0-1 M. From the data 
provided by the present study it may be concluded that these conditions would favour 
monomeric species of Co(II1), in which case the ion Co** - 6H,O must be diamagnetic. 
On the other hand, BAXENDALE and Wetts™ concluded from their investigation of 
the kinetics of the reaction of Co(III) with water that the predominant entity is a 
dimer. This proposal agrees with our evaluation of the system, since the conditions 
which they employed would be expected to yield a high proportion of polymeric 
species. Positive identification of the species present in cobaltic perchlorate solutions, 
and the determination of their formation constants, must await a new experimental 
approach which can cope with the difficulty of handling the highly reactive Co(II) 


solutions. 
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THE ANION EXCHANGE OF METAL COMPLEXES—IV 
THE SYSTEM* 


Y. MArcus 


Israel Atomic f nergy Commission Laboratories, Rehovoth 
(Received 12 September 1958; in revised form 17 December 1958) 


Abstract—The anion exchange method described in previous communications was applied to the 
iron(IIl)—chloride complex system. The distribution of iron was determined by the batch method 
The mononuclearity of the complexes was confirmed for the range 10-*—4 10°-* M iron. Distribu- 
tion curves were obtained for the range 1-0-12 M chloride in lithium chloride and hydrochloric acid 


Ta 
Mect, Dut fk 


solutions. Up to 9 M chloride there is no hydrogen-ion e more concentrated solutions 

of hydrochloric acid the distribution is lower than for lithium chloride solutions. Both curves show 

a maximum. A corrected distribution curve was constructed for the lithium chloride experiments. 

showing the complexes FeCl,*, FeCl, and FeCl,~, with the successive stepwise formation constants 
log ks 0-7, log ks 1-40 and log k, 1-92, 


In addition to these s cies, some undissociated HFeCl, is also formed in concentrated hydro- 
chloric acid. Spectrophotometric measurements in concentrated chloride solutions confirm these 


results qualitatively 


INTRODUCTION 


GAMLEN and JorDAN"? have recently published a study of the iron(II1)-chloride 
complex system in concentrated chloride solutions. The solvent extraction of iron 
from concentrated hydrochloric acid solutions has been investigated by numerous 
authors.’ It appears from this that although the iron(II1) cation is not very much 
complexed in dilute chloride solutions, it is strongly complexed in concentrated 
solutions. Many authors’ have dealt with the first complex formed, FeCl’, and 
found its formation constant at different ionic strengths. Constants for higher 


complexes have not been so well reported (Table 6) and the authors do not agree 


very well. The anion exchange method™ should be useful in deciding on the magni- 


tude of the constants. In particular the constants for FeCl, and FeCl,~, species with 
zero or unit charge, can be obtained with little error. as has been shown.“ 
It is well known that iron is absorbed from concentrated hydrochloric acid on to 


anion exchangers. Moore and Kraus"? in a short communication presented data 


This work is taken from part of a Ph.D. thesis submitted to the | ore versity suaiem, 1955 
liminary presentation of the contents was g ,att h me » of the Israel en Society, 
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for the distribution of iron between Dowex-! resin and hydrochloric acid at eight 
concentrations between 0-5 and 9-0 M. Many authors have since made use of the 
absorption of iron (and its desorption at lower chloride concentrations) in their 
investigations. Some additional data have been published on the absorption of iron 
under specific conditions, but no detailed study of its distribution between lithium 
chloride and hydrochloric acid solutions and a strongly basic anion exchanger like 
Dowex-! could be found. The present study undertakes such an investigation in 


concentrated chloride solutions, 1-12 M as function of three variables, the concen- 
trations of iron(II1), chloride and hydrogen tons. 


EXPERIMENTAI 


All reagents used were of an ilytical grade, except the resin vhich was purified by usual methods, 
the lithium chloride, which was pur ified as described before Iron solutions were prepared by 
7 a stock solution, made by dissolving iron(II] chloride hexahydrate in diluted (1 : 1) hydro- 
In order to repress hydrolysis, acid was added to the iron and lithium chloride solutions 
al concentration of around 0-06 M. Iron was assayed colorimetrically by the thiocyanate 
This fixed the lower level of measurable concentrations at 2 10°° M. Chloride 

Was determined as cesct ibed before 
The resin was chloride, 10 per cent crosslinked Dowex-! with a capacity of 2:3 meguiv. g, and 
as used in two forms. One was air-dried resin with water content of 44 per cent and 20 to 50 mesh 
ize. The other was oven-dried at 110 C, containing only 1-3 per cent water and ground to 100-200 
mesh size. Results were calculated on the basis of the air-dried resin for comparison with the other 
systems studied, the agreement between the results with the two kinds of resin being within 4 

per cent 

In early experiments, chlorine water was added to the solutions to counteract an assumed reduction 
of iron by the resin. It was observed, however, that no reduction occurs, and the same results were 


obtained with and without chlorine, and its use was therefore subsequently discontinued 


The resin was shaken with the solution for 16-20 hr at 25 2C. Ratios of solution volume to 
veight and initial iron concentrations were selected, where possible, so as to have of the order 
f of the iron in the resin 
spectrophotometric measurements a Beckman DU quartz spectrophotometet was used 
I 
eference cell contained distilled water, since chloride ions do not absorb light at the wavelength 


¥t source was a tungsten lamp. The Corex cells used had light paths of 1-000 0-003 cm 


oved, 500 mu 
RESULTS 

The results of the anion exchange measurements are given in terms of D, the 
distribution coefficient, which is the ratio of the concentration of iron in moles per 
ke of air-dried resin to the molar concentration in solution at equilibrium. The 
concentration in the resin was obtained by difference. The expected errors in the 
distribution coefficients are within 5 per cent or 0-02 log units for most cases. 

The initial concentration of iron was varied in one series of experiments in the 
range | 10° to 4 « 10°? M, with results as appearing in Table 1. It is seen that 
the distribution of iron remains, within limits of error, independent of the iron 
concentration. As loading was rather high in all cases, deviation could have occurred 
from this behaviour; in fact, only in the case of 0-0376 M iron solutions did the 
loading exceed 10 per cent, and the distribution coefficient was significantly lowered. 

he results of varying the lithium chloride or the hydrochrolic acid concentrations 
appear in Tables 2 and 3. In many cases the data are the average of two or more 

Part Ill: Y. Marcus, J. Ph Chem. 63. 1000 (1959) 
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Taste | EFFECT OF THE VARIATION OF THE IRON CONCENTRATION 


Equilibrium 
Chloride Hydrogen ion Initial iron | 
. iron concer Log of iron distribution 


concentration concentration concentration y 
tration coefficient log D, |. kg 


(M) (M (mM) 
) m (mM) 


INCENTRATION 


Taste 2.— Errects OF THE VARIATION OF THE LITHI 


Log of Cl Log of iron e of Cl Log 


LiCl} 
ty distribution distri 


conc 
function coeff 
) 


cient coe 


determinations with similar results. The ligand activity function a represents 


OF Maer the case may be. The data recorded in Tables 2 
and 3 are shown in Fig. | as curves of log D vs. log a. 

he effect of varying the hydrogen ion concentration at constant chloride concen- 
tration is shown in Table 4. The values in italics are interpolated from Fig. | 

Results of spectrophotometric measurements, made at a wavelength of 500 my 
(the absorption band of iron(II) chloride ranges from about 380 to about 540 my), 
are reported in Table 5. 

DISCUSSION 

Tables | and 5 show two properties of the iron which are independent of its 
concentration in the range 1-40 mM, viz. the anion exchange distribution and the 
molar extinction. It is thus most likely that the complex species existing in the 
Other authors have found similar behaviour for light 
Although disagreement pre- 


solutions are mononuclear. 
absorption™’ and also for solvent extraction. 
vails about polymerization in the organic solvent, it ts agreed that polymerization 


does not occur in the aqueous phase. 
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calculated by equation (9) 


Taste 3 EFFECT OF THE VARIATION OF THE HYDROCHLORIC ACID CONCENTRATION 


a Log of Cl Log of iron Log of Cl Log of iron 
a activity distribution activity distribution 


function coefficient function coefficient 
log a log D log a log D 
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Table 2 and Fig. | (the lithium chloride curve) show the effect of varying the 
chloride concentration on the anion exchange distribution of iron. The hydrogen 
ions present (no more than 0-1 M) are not expected to have any effect besides repres- 
sing hydrolysis. It may be calculated from the constants given by RABINOWITCH and 


TABLE 4.—EFFECT OF THE VARIATION OF THE HYDROGEN ION CONCENTRATION AT 
CONSTANT CHLORIDE ION CONCENTRATION 


Log of iron distribution coefficient, 


wr 5 rove y 
Chloride Hydrogen ion log D L/ke 


concentration concentration 
(M) (M) 


observed calc. equation (12) 


STOCKMAYER? that under the worst circumstances, the relative concentration of 
hydrolysed species, as FeOH**, is 3 per cent. 

In order to interpret the data, the mathematical relationship between the distri- 
bution coefficient D and the chloride activity function a must be found. A detailed 
derivation of such an expression has been reported,’ and here only the main points 
and equations will be given. 


‘* E. Rastnowitcu and W. C. Strockxmayer, J. Amer. Chem. Soc. 64, 
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1-0 1-59 
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The complex species of iron may be considered to be formed in a reaction 
FeCl, = FeCi,_; + iCl (1) 
where j is the charge of the complex. The concentration of the iron species will be 


given by 


=M,' = *a ( 
where a’, is the thermodynamic activity of the neutral species FeCl,, and /’,;* are 


TABLE 5.—LIGHT ABSORPTION OF IRON IN CHLORIDE SOLUTIONS AT 500 mu 


Chloride conc Hydrogen ion conc. Iron conc. Molar extinction 
(M) (M) (mM) 


complexity parameters involving the thermodynamic equilibrium constants and 
ictivity coefficient functions, which are assumed constant (see discussion in Part I). 

Much evidence has been presented to the effect that the limiting complex in 
aqueous solutions is FeCl,~. rhe resin complex would then be RFeCl,, and the 
charge number in the resin (called —p in)? will have the value i p l. 
[he concentration of iron in the resin is then given by an expression analogous to 


equation (2) 


M = -M (3) 


With the same standard states in both phases, it is easy to see that ,a’y a’,, and 
thus the distribution coefficient, which is the ratio of the quantities given in equations 


(3) and (2) will be given in the logarithmic form as 


log D = log (,M’,/=M’,) = log ,/’# + log ,a — log Ef’ ta“ (4) 
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Now ,4 = ,Myic) -7’Lici May be related to a by (“ equation 26) 
log ,a = log a + K(log — log ,M,,) (5) 


and is a measurable quantity. Calling its value ,a® at a = 1, a correction function 
_F,, is defined as 


log ,a — log ,a® (6) 


Fic. 2 The corrected distribution curves for the ar 


of the corrected distribution coefficient, log D°, equa 


chloride activity function log a. The experimental pou 


by log D g I The same symbols as 


Finally, if we define K,’ * a, and a corrected or ideal distribution coefficient 
D® by log D® log D — p,F., the expression 


log log K log 
is obtained. 
Values of ,F,, the correction function, were obtained from Fig. | of reference (4), 
and a curve of log D® vs. log a is plotted in Fig. 2. The curve has slopes ranging from 
approximately I-S at the lowest chloride concentrations to —1!1-00 at 9-12M 


lithium chloride. The slopes are directly connected with the charge numbers i 


(analogous to the ligand numbers of ByeERRUM A, here A = 3 — 7): 


dilog D*) 


d log a) 


(3) 


since the parameters K,’ and /°* are taken as constants. The charge num bers of the 
complexes FeCl; are seen to range from i = 2 for FeCl** to j | for FeCl,~.* 
rhe “half-integral 7°” method“ was used to obtain preliminary values of the constants 
| i */6.*,. For the constant k,'* only an upper limit could be obtained, since 
4 single experimental point at 12-7 M lithium chloride ! / 71 seems to indicate a 
1g a value of ,F, extrapolated from exp tal data below 12 M 


chloride. Since this extrapolation is uncertain, it is not profitat t [ this particular experimenta 


datum 


more negative than 1-OO. usir 
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the data are not accurate at low chloride concentrations. It was used in a correction 
term permitting the evaluation of k’,* and k’* for the formation of FeCl,* and 
FeCl,~ from FeCl,, by the “curve fitting” method.“” The final constants obtained 


are: 


log k,'* < 0-7 log k,’* = 1-40 + 0-06 log k'*, 1-92 -- 0-08 


log K,’ = 2-41 + 0-03 


Curves calculated with these parameters for log D® and log D (equation (9)) are shown 
in Figs. | and 2 to agree well with the data. 


log D = log D® + ,F log K,’ ,F, log (k,'*k,'*a* +- 4 *a) 
(9) 


The parameter X,’ is transformed to the equilibrium constant for the formal resin 
absorption reaction 


FeCl, (aq) + RCI = RFeCl, (10) 


by dividing it by the resin reference activity function ,a°, obtained from reference (10): 
log K, log ,a° = 2-41 — 0-46 = 1°95. This value may be compared with the 
corresponding parameter for the solution phase, log k’*, 1-92. The stabilization 
factor for the resin complex is seen to have the large value of about 7000. 


The hydrogen ion effect 

Tables 3, 4 and 5 show the effects of varying the hydrogen ion concentration. 
Consideration of these tables shows that up to 9 M chloride there is no appreciable 
difference of behaviour between lithium chloride and hydrochloric acid solutions, i.e. 
the same anion exchange distribution coefficient D and the same molar extinction 
are obtained for a given value of the chloride activity function a. Above 9 M chloride, 
increase of hydrogen ion concentration at fixed chloride concentrations decreases 
both the distribution coefficient and the molar extinction to an amount not explicable 
by differences in a.""' 

The question whether differences in distribution coefficients for lithium chloride 
and hydrochloric acid solutions are, in the general case, due to the formation of a new 
species, a chloro-acid, is controversial." Changes in light absorption are, however, 
more difficult to attribute to another cause. The data can be interpreted as the forma- 
tion of a species with relative concentration dependent on the hydrochloric acid 
activity at a given chloride concentration having a lower molar extinction and which 
is not absorbed by the resin. As these effects are shown only above 9 M chloride, 
where FeCl,~ becomes more important than FeCl,, this species is probably the 
undissociated 

Phe species HFeCl, has been identified by many authors in organic solvents,'~ 
although FRIEDMAN" considers it rather to be an ion-pair H,O*-FeCl,~. As regards 


ih 


aqueous, concentrated hydrochloric acid he thinks these ions are separated (ionization 
of HFeCl, is as complete as that of HCl). Since the activity of hydrochloric acid 


1°) Part Il: Y. Marcus, Bull. Re “ Israel BA, 17 1959) 
11) For the so-called thium chloride effe see e.g. Y. Marcus, Bull. Research Council, Israel 4, 326 
(1954); K. A. Kraus, F. NeLson LOUGH and R. C. Cariston, J. Amer. Chem. Soc. 77, 1391 


(1955) 
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increases fortyfold between 5 and 12 M, the observation of no difference in the 
extraction of iron from 5 M sodium chloride and 5 M hydrochloric acid, does not 
imply, as and Myers’ propose, that HFeCl, is necessarily completely 
dissociated in concentrated hydrochloric acid. 

A quantitative measure of the proton association with FeCl, may be obtained 
from the anion exchange distribution measurements. For the reaction FeCl, + H* 


Cl HFeCl,, the equilibrium constant is 
Mivect,/ (11) 


if one assumes the ratio of the activity coefficients of the uncharged species FeCl, and 
HFeCl, to be unity. The slope of the hydrochloric acid branch of the log D® curve 
i J 


TABLE 6.—COMPARISON OF COMPLEX FORMATION CONSTANTS FOR THE IRON(IID) 
CHLORIDE SYSTEM 


Author Method CC) Medium log K og k log j log k,* 

RABINOWITCH and sp 26°7 NaCio,) 1-40 
STOCKMAYER 25 1-0 
OLeRUP'! sp, red 20 2HCIO,) 0-06 
GAMLEN and 

JORDAN sp 20 0 cor! 0-14 1-98 
This work an ex 25 0 corr 1-40 1-92 
in Fig. 2 yields the value log ,/)'* 460-1. The acid HFeCl, is thus formed 
only in very concentrated hydrochloric acid, at values of log a 2:3. Curves of log 


D® and log D were calculated using a modification of equation (9) by adding 
p* ,a~* to the term in brackets, and are shown in Figs. | and 2 to fit the data well. 

It is very difficult to interpret the data obtained for mixtures of lithium chloride 
and hydrochloric acid solutions. (The small amount of hydrochloric acid in the 
lithium chloride solutions discussed in the previous section is negligible). Activity 
coefficients are not known for these mixtures, as also the pr per mixed resin activity 
function ,F,. Making the very rough approximations of using »_,,, and the ,F, 


values for hydrochloric acid as applying also to the mixtures, equation (12) was used 
1. 


for computing the values in the last column of Table 4 


2) (12) 


log D = log K,’ — log (1 + 3 


These values are seen to agree reasonably well with the experimental values 

lhe distribution data for hydrochloric acid solutions may be compared with those 
of Moore and Kraus,’ who worked with the same resin, Dowex-1l. In order to 
convert their volume distribution coefficients to the weight distribution coefficients 
used here, it is necessary to multiply them by the factor 2-2, the specific volume of 
the wet resin. The values appearing in Fig. | are then obtained, which are seen to be 


BrerrumM, G. SCHWARZENBACH and L. G. Sitten (Compilor ty Constant f Metal-ion 
ymple xe Part Il: Inorganic Ligands p. 9 Special publication N of the Chemical Society, 


J 

London (1958). This reference defines the terms entered under “* Me and “Medium 
I 


1. Ovterup, Svensk kem. Tidskr. 55, 324 (1943) 
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in good agreement with those obtained in this work, except for the high value at 9 M 
hydrochloric acid. Their value for 2 M acid should be more reliable than the one 
obtained here, since the column method is superior at low D values, and it was 
used to fix the lower part of the curve in Fig. 1. 

The complex formation parameters obtained may be compared with those reported 
in the literature, Table 6. 

The value of k’*, found here agrees well with the value of k,* given by GAMLEN 
and JORDAN, but the value of k’,* is more in line with k, of RABinowircH and 


STOCKMAYER, although different media are involved with the latter. A discussion of 


the relationship between starred parameters (i.e. those reported in this work and in 
that of GAMLEN and JORDAN) and complexity constants valid for infinite dilution or 
constant ionic strength must be deferred (see references (1), (4), (10)). The data 
available do not cover a range that will make possible the evaluation of k’,* or k,* 
for the formation of FeCl,* from FeCl, or from FeCl**. 
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DOSAGE RADIOCHIMIQUE DU CESIUM PAR 
COLORIMETRIE DE LA DIPICRYLAMINE 


A. M. Lerevre, J. F. Lerevre et A. RAGGENBASS 
Dept. de Chimie, Centre d’Etudes Nucléaires de Saclay. Saclay 


(Received 1 May 1959) 
Résumée— Le césium est precipite sous forme de dipicrylaminate qui, apres lavage a l’éther, est dissout 
dans l'acétate d’éthyle; le césium est extrait de cette solution par une solution aqueuse acide. La 
phase acétate d’éthyle, contenant la dipicrylamine provenant de la décon 


position du dipicrylaminate 


de césium est alors dosée colorimétriquement. L*intérét principal de cette méthode consiste en la 


possibilité d’affectuer le dosage radiochimique du césium (avec entraineur) en décontaminant la 


solution introduite dans le spectrophotometre 


L*EmpLot en analyse de la dipicrylamine (22’, 44’, 66’ hexanitrodiphénylamine) a été 
étudié par de nombreux auteurs, principalement pour le dosage du potassium. Depuis 
SHEINTzIS"” qui, le premier, étudia en détail les applications analytiques de ce réactif, 
les méthodes les plus variées ont été décrites:* gravimetric, conductimetrie, ampéro- 
metric, potentiometric, polarographie, colorimétrie directe ou 

En utilisant les différences de solubilité des dipicrylaminates dans les solvants 
organiques ou meélanges de solvants, il a été réalisé certains dosages colorimé- 


triques”:'” et méme des separations des métaux alcalins 


Le réactif de precipitation est le sel de magnesium ou de lithium, quelquefois de 
magnésium sodium ou de calcium. 


Des méthodes de dosages quantitatifs du césium ont été décrites'-4*9"'-13) poys 
nous sommes surtout interesses aux travaux de HAHN et Baker,’ et Kourm et 


Krtit"*? traitant du dosage de césium dans les produits de fission, ce qui était é 


gale- 
ment le but de notre travail. 


I. PRINCIPE DU DOSAGI 
Les différentes méthodes colorimétriques déja décrites utilisent so lirectement, la coloration 
die au precipite redissout dans un solvant, soit, indirectement. la mes ¢ colorimetrigque de l'excés 


* La bibliographic complete, trop importante, n'a pas été r ferences 
concernant la colorimetric et le dosage du ¢ m ont cte ¢ 


O. G. Suemrzts, Zarodska Lah. 4, 1047 (1935): 8, 1198 
U.S.S.R. 11, 1012 (1938) 3, 1098 (1940); Chem. Zentr 1, 24 
GIAPCHENKO, Zarods 14, 440 (1948) 
K. Lawton, Se 10, 126 (1946) 
W. Kown, 7. Anal. Chen 
W. D. Treapwe te et H. Herensre é rim. Acta 32, 1903 
R. Bermas, & Géné. 26, 34 
S. Bunseki to Sh 3, 55-64 (1949) J. Chem. 

tt ZEN-ICH Che Japan 73, 2, 4 (1952) 

R. Lewis, Analyst 80, 955. 768-780 (1955) 

R. B. Hawn et R. O. Baker, AECU-2903 (1955): Nucleon 14, % 
S. Kertes et J. M. E. Gotoscusupr. J. Chem. S 401-4 (1956) 
N. et T. YAMAGATA et S. WaTtanane. Bull. Chen Soc. Japan WO, $77 
1. M. Korenman et G. A. SHataurna. J. Ana Ahim. (U.S.S.R.) 13, 2 
V. Kourm et J. Karri, Proceedines of the Second Internat 


Energy, Geneva, 1958, A/Conf/15/P2098 


Chem 


14.5 (194) INTZIS et M. V 
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de réactif. Dans le cas de dosages sur des solutions radioactives, la mesure au colorimeétre, d’apres 


les methodes précedentes, s‘effectuerait alors sur des solutions radioactives. La méthode de dosage 


que nous proposons permet d’eviter cet inconvenient en décontaminant la solution servant a la mesure 


color metrique 

Le césium est précipité quantitativement sous forme de dipicrylaminate en utilisant comme 
exces d'une solution de dipicrylaminate de magnesium a 3 pour cent. Le précipite obtenu 
igneusement a lether éthylique afin d’éliminer l'excés de réactif (e¢ventuellement extraction 
mmonium''*’), Le précipité, aprés lavage, est dissout dans l'acétate d’¢thyle et le césium 
> cette solution par agitation avec une solution aqueuse chlorhydrique La phase aqueuse 
séparce permet le comptage du cesium, et la phase organique, decontamineée, le dosage colorimeétrique 

de la dipicrylamine 


Il. REACTIFS—APPAREII 


Nitrate de césium “pur” (Prolabo) 

Dipicrylaminate de magnésium, préparé a partir de la dipicrylamine (22’, 44’, 66’ hexanitrodi- 
phenvlamine) “produit pour analyse” (Prolabo) suivant le procede classique: l-2¢ de 
lipicrylamine est dissout avec 0-5 g de MgO dans 50 ml d'eau distillee. Agitation d’une 

eure. Repos durant 24 heures. Centrifugation et decantation ou filtration 

icétate d’éthyle, “pour usage scientifique” (Prolabo) 

Le césium a été marque avec du 137 Cs sans entraineur 


Spectrophotometre D.K-2 (Beckman). Source utilisée: lampe a hydrogéene. Cellules en silice 


I1l. PRECIPITATION DU DIPICRYLAMINATE DE CESIUM 


(a) Sélectivité 

La dipicrylamine (que nous symboliserons par DPA) n’est pas un réactif selectif 
des alcalins lourds et il est indispensable d’effecteur une séparation préalable des ions 
génants. Dans le cas des solutions de produits de fission, qui nous interesse, une 
séparation préalable des autres radioéléments et impuretés peut étre effectuce par 
précipitation sous forme d’hydroxydes ou de carbonates ou par toute autre méthode, 
échange d’‘ions par exemple. 

Les essais de précipitation directe effectués par HAHN et BACKER"? n’ont pas donné 
de bons résultats et, de méme que Kouri et Krtit” ont adopte une élimination 
des impuretés par précipitation sous forme de carbonates avec utilisation de fer et 
strontium entraineurs. 


(b) Précipitation du césium 

Le mode opératoire de précipitation proposé par Kourim et Kati“ donne un 
rendement de 100 pour cent; il est le suivant: une prise d’essai de la solution a doser 
est chauffée 4 60°—70°, un excés de 100 pour cent du réactif précipitant (solution a 3 pour 
cent de dipicrylaminate de magnésium) est ajouté avec une agitation continue. Le 
mélange est ensuite refroidi pendant 3 a 5 heures 4 0-1°C et filtré sur verre fritté No 4 
ou centrifugé. Le précipité est ensuite lavé en plusieurs fois par de l’éther éthylique 
anhydre. 

Nous devons préciser qu'il est important de contrdler le pH de la solution a doser si 
l'on veut éviter une précipitation de la dipicrylamine (sous sa forme acide ou basique). 
Pour 20 ml d'une solution a laquelle on ajoute 8 ml de réactif, la zone de pH deter- 
minée est 5-10-5. Le pH de précipitation, par effet tampon, se trouvant toujours étre 
de 9-5. Les solutions a doser seront donc neutralisées jusqu’a virage du bleu de 
thymol (jaune—bleu pour pH 8-0-9-6). 

Les solutions dosées contenaient 0-2 mg/ml de césium sous forme nitrate. 
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(c) Lavages du précipité 


Le lavage 4 l'eau entrainant des pertes de precipite, il a été préféré plusieurs 


lavages 4 l’éther anhydre permettant une élimination complete de l'excés de réactif 
pouvant rester sur le précipité. 
Dans le cas ou les solutions contiendraient des traces d’ammonium., le dipicry- 


laminate d’ammonium serait éliminé a ce stade de la manipulation. 

Si au contraire la quantité d’ammonium était plus importante, il serait nécessaire 
de traiter le mélange des dipicrylaminates suivant le procede d’extraction a l’éther 
décrit par Kourm™ et 


IV. DISSOLUTION DU DIPICRYLAMINATE DE CI SIUM DANS 
L‘ACETATE D'ETHYLE ET EXTRACTION DU CESIUM PAR UNI 
SOLUTION CHLORHYDRIQU!I 

Nous avons remarqué que le dipicrylaminate de césium (que nous symboliserons 
par DPCs) était soluble dans l’acétate d’éthyle et qu'il était possible d'extraire 
quantitativement le césium en lavant la phase organique par une solution chlor- 
hydrique. La phase acétate d’ethyle aprés extraction du césium contient la DPA qu'il 
est possible de doser colorimeétriquement. 

(1) Dissolution du précipité. La mise en solution a la temperature ambiante du 
DPCs dans l'acetate d’éthyle est rapide a partir de 4 mg de préc ipite par ml de solvant. 
Nous avons choisi arbitrairement de dissoudre 8-6 mg de DPCs (correspondant a un 
essai de 2 mg de césium) dans 10 ml d’acétate d‘ethyle. La solution ainsi obtenue est 
limpide et rouge. 

(2) Extraction du césium. En agitant la solution précédente avec une solution 
aqueuse chlorhydrique, il y a decomposition du sel de césium, ce dernier passant dans 
la phase aqueuse et le radical DPA restant dans la phase org nique. Ceci se manifeste 
par le passage du rouge au jaune orange de la phase acétate d'ethyle. 


(A) Influence de l acidité de la solution chlorhy drique 


(a) Sur la décontamination. La décomposition du sel en presence d'eau a lieu 
tres facilement, et, si l'on admet qu'un atome d’hydrogéne remplace un atome de 
cesium extrait, la quantité théorique serait sensiblement de 2 ml d’acide chlorhydrique 
N/100 pour 2 mg de césium. 

En utilisant un excés de 100 pour cent d’acide chlorhydrique (2 ml de N/50) la 
decontamination a été totale aprés une agitation d’environ 3 min. 

Les essais de décontamination ont été faits dans les conditions suivantes: 

Pour un essai: 2 mg de césium, soit 8-6 mg de DPCs dans 10 ml d’acétate d’éthyle 

Activité mesurée: 50,000 coups/min par 10 ml. 

Le compteur utilisé était un scintillateur y avec cristal creux permettant de mesurer, 
dans les conditions opératoires ci-dessus, un facteur de décontamination de 1000. 

Les résultats sont donnés dans le Tableau 1. 

fortiori pour des solutions chlorhydriques plus concentrées la décontamination 
est meilleure et plus rapide. 

(b) Sur les conditions d’extraction et la colorimétrie. ll a été effectué une série 
d’essais avec des solutions chlorhydriques de normalités N/100 jusqu’a N. Tous les 
essais correspondaient a 2 mg de césium dans 10 ml d’acétate d’ethyle (soit 8-6 mg de 
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DPCs ou 6-6 mg de DPA) extrait par 10 ml de solution aqueuse chlorhydrique. Les 
résultats sont donnés dans le Tableau 2. 

En conclusion, les conditions d’extraction sont d’autant meilleures que les acidités 
sont plus fortes; cependant, le choix doit tenir compte de la stabilite de la coloration 
de la phase organique. Or, on peut observer une décoloration de la phase organique 
d’autant plus rapide qu'elle a été extraite par une solution plus acide. Ce phénoméne 
est lent et une solution traitée par l'acide chloryhdrique N a une coloration stable 
durant au moins 48 hr. 


TABLEAU | 


Solution Solution Activite retrou Cesium Facteur de 
acétate d’éthy. d’extraction vée ds.lacétate restant ds. décon- 
dethyle lac.déthy tamination 


1000 
1000 
1000 
1000 


2m! HCI N non mesurable 
10 ml contenant} 10 ml HCI N non mesurable 
8-6 mg DPCs 10 ml HCI N non mesurable 
10 ml HCI N/2 non mesurable 


tv 


(B) Courbe d’étalonnage 


Les courbes d’absorption ont été enregistrées en fonction de la concentration en 
DPA de la phase acetate d’ethyle (courbe 1). 
Le césium avait été extrait par une solution HC1 0-1 N. Les solutions de diverses 


TABLEAU 2 


OO0OSN OO2N OOIN 


Durée agita- 
tion (min) 


Durée de- 15a 30 30-45 45 60 


3-4 hi 
cantation min min min min 


pas Deécantation lente Possibilité d’émul. 


Observations pas d’emulsion 


d’émul pas d’émulsion ds.phase organique 


concentrations en DPA avaient été préparées par dilutions de la solution obtenue 
aprés extraction du césium. Il a été fait, de maniére identique, deux series de dilutions 
correspondant a deux preécipitations différentes de DPCs. Quelques unes des valeurs 
obtenues sont données dans le Tableau 3, ensemble des résultats étant représentée sur 
les courbes (voir Figs. | et 2). 

La loi de Beer n’est pas suivie dans tout le domaine de concentration étudié (Fig. 
3), ce qui rend nécessaire une courbe d’étalonnage. Celle-ci peut étre préparée aise- 
ment en dissolvant de la dipicrylamine dans de l'acetate d’éthyle et en la traitant, 
d'une maniére identique aux essais par une solution chlorhydrique. Nous avons 
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| 
| 
| 
| 
| 


0 
Concentration en DPA, >+/m 


Variation de la longeur d’onde des maxima d absorption en fonction 
de la concentration Am.sx fic) 


- 


20, 40 50 
Concentration en DPA, 


Variation de la hauteur du maximum d’absorption en fonction de la concentration 


Haax 2 100 (1 ) fic) 
lo 


etudié différentes normalités de solutions d’extraction HCl 0-1 N-0-5 N et N. Les 
résultats obtenus ont été portes sur les courbes I| et II, la concordance avec ceux 
obtenus aprés extraction de la DPCs est excellente. Ce qui semble prouver que l'on 
obtient dans les deux cas le méme radical DPA apres traitement a l’acide. KerTES 
et GOLDscumipt”” ont admis l’existence de plusieurs formes de la dipicrylamine: 


\ 
400} \. 
| 
375} 
50 
9/60 
2. 
NO, 
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NO 
NOs NO? NO. 
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TABLEAU 3 


Correspondant aux con- 
Hauteur du Longueur 
Précision 


donde du 
du dosage 


centrations avant 
maxi.d absor- 

max.d abso 


Concen 
extraction 
(DPA (unites arbi- 
traires) 


(DPCs (Cs y/ml) 


(ms) 


eSsa ls 


essals 


a 
302 
4 47 36:1 10-95 139 0-5 375 | 2 
‘4 
1 le 37-6 28-85 8-75 111-8 0-5 375 l 2 
. série 23-5 18-02 5-47 73 0-5 378 + 2 2 
4 — 18-8 14-4 4-38 58 0-5 378 . 2 2 
4 7-52 1-75 272.05 39142 4 
48-4 37-1 11-25 152 0-5 374 + 1 2 
. 2e 37-2 28-55 8-66 113 0-5 375 | 2 
serie 27-9 21-4 6°49 85 0-5 375 2 
4 
— 14-9 11-4 3-46 47 0-5 78 + 2 
7:44 $-71 1-73 29 OS 393 4 Vol, 
4 7 12 
1959/6 
7 
4 
| 
j 
> 
2c 4 . 
oncentrotion en DPA 
2 Fic. 3. 
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La forme (1), jaune, est insoluble dans l'eau, mais soluble dans les solvants non- 
polaire; la forme (II), rouge, se dissociant en (III) est un acide fort dont les sels sont 
solubles dans l'eau et les solvants organiques. Ce qui semble bien concorder avec les 
phénomenes de changement de coloration que nous avons observés lors de nos experi- 
ences. La variation de la hauteur du maximum d’absorption en fonction de la 
concentration en DPA (courbe II) est linéaire pour des concentrations en DPA 
comprises entre 5 et 40 »/ml; en tenant compte de la longueur d’onde du maximum 
d‘absorption (Fig. 1) et de la précision du dosage, la gamme optimum de concentration 
de la DPA pour effectuer la colorimétrie est de 15-35 y/ml: les résultats seront alors 
reproductibles avec une précision de +-2 pour cent. 


V. MODE OPERATOIRE PROPOS! 

Le césium entraineur est ajouté a la solution a doser et celle-ci est traitée pour 
élimination des ions génants. Les conditions de precipitation et de lavage ayant déja 
été décrites, nous n’indiquerons ici que le mode opératoire concernant la colorimétrie. 

(1) Mettre en solution dans l’acétate d’éthyle le précipité de DPCs a une con- 
centration d’environ 200 +/ml en césium, soit 660 +/ml en DPA. 

(2) Agiter pendant environ 3 min la solution obtenue en (1) avec un volume égal 
d'une solution chlorhydrique 0-5. N. Laisser décanter et separer les deux 
phases claires. 

(3) Ajuster la phase aqueuse et compter le radiocésium sur une aliquote de cette 
solution. 

(4) Ajuster la phase organique et vérifier la décontamination sur une aliquote. Si 
la decontamination n'est pas totale, reprendre (2) sur un volume déterminé 
de (4). 

(5) A partir de la solution obtenue en (4), preparer des dilutions contenant 15-35 
y/ml de DPA dans l’acétate d’éthyle. (facteurs de dilution compris entre 20 
et 40) 

(6) Preparer par ailleurs une solution étalon de la facon suivante: peser 33 mg 
de DPA, les dissoudre dans 50 ml d’acétate d’éthyle. Agiter 3 min cette solu- 
tion avee 50 ml d’acide chlorhydrique 0-5 N. Décanter. Ajuster la phase 
organique comme en (4). Préparer des dilutions semblables a celles de (5) (ces 
solutions peuvent étre conservées plusieurs jours). 

(7) Effectuer la colorimétrie sur la longueur d’onde du maximum d‘absorption, 
soit: 375 mu. Construire la courbe étalon a laquelle on comparera les valeurs 
obtenues pour le dosage. La précision est de +2 pour cent pour l’ensemble du 


dosage colorimétrique. On détermine ainsi, en inactif, le rendement du dosage 
du radiocésium. Le comptage fait en (3) sera corrigé d’aprés cette valeur. 
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Abstract—A method is presented for separating cesium from a synthetic fission product solution 
rhe fission products are converted to bromides with hydrobromic acid and concentrated by evapora- 
tion. Impure crystals of cesium molybdenyl pentabromide separate upon cooling. The final cesium 
bromide product (99°, CsBr, 1°, RbBr) is obtained radiochemically pure in >95 per cent yield 


THE disposal of radioactive wastes from fissioned material is rapidly becoming a 
serious Obstacle in the growth of atomic energy for domestic and industrial power. 
As our nuclear economy grows, large volumes of these fission product wastes will 
become available. Unless utilized in some manner, these wastes must be stored in 
expensive tanks for hundreds of years to allow sufficient time for the long-lived fission 


products, especially 27 year '’Cs and 28 year *°Sr to decay to safe radiation levels. 


If these two nuclides could be quantitatively removed from the waste solutions, the 
storage problems would be materially reduced. Besides reducing the storage problems, 
the removal of Cs and **Sr would yield valuable radiation sources for medicine, 
industry, etc. Cesium-137") emits 0-514 MeV (92 per cent) and 1-176 MeV (8 per cent) 
}-particles and is essentially in equilibrium with a 0-662 MeV y-ray from the internal 
conversion of 2°6 min "Ba. *°Sr is a valuable /-energy source in that it emits no 
y-rays and is in equilibrium with the 64-2 hr *°Y which emits a 2:26 MeV /-particle. 

Cesium bromide can be separated from its ores in a few relatively simple steps.‘ 
The ore is digested with hydrobromic acid, the gangue material removed and cesium 
bromide precipitated by the addition of isopropyl alcohol. High purity cesium bro- 
mide is obtained by the extraction of the precipitated cesium bromide into bromine. 

It should be of interest to work out a similar procedure for the removal of radio- 


actively pure cesium in high specific activity economically from fission wastes. 


EXPERIMENTAI 

Vaterials 
A synthetic nitric acid fission product mixture was prepared using stable isotopes in amounts 
riven concentrations of a typical waste fission product solution The fission product 
are based on the fission of U and a reactor operation time of 42 days at a steady 
ywer of 500 MW. The cooling period is assumed to be 100 days. In addition to the 
fission product elements, the waste solutions contain some residual uranium not recovered during 
the reprocessing cycle as well as fuel element cladding and alloying materials and various corrosion 


products introduced during the reprocessing cycle."*’ The components and concentrations of the 


ic fission product solution are listed in Table | 


. J. M. HoOLLanper and G. T. Seasora, Rev. Mod. Phys. 30, 585 (1958) 
S. Pat.. 2 481 455 (1949) 
R. C. Dennis and Ff AmBo, University of Michigan College of Engineering Industry 
” port IP-109, January (1955) 
Bruce, J. M. Frercwer, H. H. Hyman and J. J. Karz (Editors), Process Chemistry p. 364 
McGraw-Hill, New York (1956) 
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A few of the fission products were not added to the synthetic mixture, due to their unavailability 
or low concentrations required. These missing fission product elements are listed in Table 2 

Additional neodymium was added in place of several other trivalent rare earths, promethium, 
praseodymium, europium, and gadolinium, to insure the correct total rare earth content. The 
solution is made acidic with nitric acid, approximately 3-5 N. A high concentration of nitrate ion 
is assured by using aluminium nitrate, ferric nitrate, and uranyl nitrate as well as several other 


nitrates to introduce the correct composition of aluminium, iron, and uranium, etc. 


TABLE |.—-COMPOSITION OF SYNTHETIC FISSION PRODUCT STOCK SOLUTION 


Fission product elements 


5-142 
3-90 g 
1-90 


ZrOCl, 8H,O or | 

l Nd(NO,), or 1-7 
(NH,).Ce(NO,), or 

| La(NO,), or 0 


73 


er 


Y(NO,), or 0 

SriNO,), or 0-55 

Ba( NO,), or 0 
| RbNO, or 0 
| Mo metal or | f 
| NH,I or 0-05 g 
RuCl, hydrate or - 0-62)! 
Sm,O or 0-15 
reO, or 0-13 
SbCl, or 0-01 g/! 
Cd(NO,), or 0-02 g¢/! 
SnCl, or 0-02 g/! 
CsBr or 1-25 | 


sos ¢ 


7S 


Fuel element cladding materials and corrosion product 


226°8 AK NO,),9H,O or 163 ¢ 
219-0 Fe(NO,),6H,O or 35-0 
4-95 g/| Ni(NO,),-6H,O 
0-96 Cro, 
0-80 Pb(NO,), 


Residual uranium 


90:72 g/l UOANO,), 6H,O or 43-0 | 


Nitric acid (~3~5 N) 


The total weight of the stock solution components, exclusive of solvent is 567-3 g/l., of which 
cesium bromide constitutes 0-35 per cent of the solid weight. The fission products weigh 24:1 g 
or 4-2 per cent; the claddir g materials, etc. weigh 452-5 g or 79-8 per cent and the residual uranium 
weighs 90-7 g or 16°0 per cent of the total 

Radioactive tracers were incorporated in the synthetic solution i: veral experiments to trace 
the radiochemical purity of the cesium. y-Ray emitting isotopes of il of the more abundant 
fission products were used so that an analysis could be made without prior chemical separation steps 
The radioactive tracers were obtained from the Oak Ridge National Laboratory. In Table 3 are 
given the radionuclear data for the isotopes considered 


Technical concentrated hydrobromic acid (48 per cent) was used 


5 Zr 
ig | Nd 
Ce 
La 
ool 
1-32 Sr 
0-86 Ba 
} 0-26 Rb 
1, 1-20 Mo 
0-07 g I 
1-93 Ru 
' 0-17 Sm 
0-16 | le 
0-02 | Sb 
0-04] Cd 
0-04 Sn 
2-00 ¢ Cs 
m/60 
A! 
e 
Ni 
Cr 
Pb 
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Methods of analysis 
Non-radioactive products were analysed routinely by X-ray fluorescence and X-ray diffraction. 


In one instance, cesium and molybdenum concentrations were determined by chemical quantitative 


analysis 


Radioactive products or aliquots were analysed on an Atomic Model 510 Single channel pulse 


height analyser, modified to al 


ow automatic spectrum scanning. The sensing element was a 1} in. 
> 


by 2 in. well-type cesium iodide (TI) scintillation crystal mounted on a Dumont 6292 multiplier 


TABLe 2 FISSION PRODUCTS NOT ADDED TO THE SYNTHETIC FISSION 


PRODUCT SOLUTION 


, Concentration 
Element 


(g/l.) 
Niobium 0-03 
Technetium 0-30 
Rhodium 0-10 
Palladium 0-05 
Selenium 0-01 
Silver 0-01 
Indium 0-01 


phototube. A cathode follower preamplifier preceded an Atomic Model 215 linear amplifier. The 
signal from the pulse height analyser was integrated by a Radiation Counter Laboratory Mark 15 
Model 15 linear count-rate meter before being indicated on a standard 10 mV Brown strip chart 


recorder. A window width of 1V was used in obtaining the 7’-ray spectra 


Procedure and results 
A flow sheet of the process is given in Fig. 1. One thousand millilitres of the synthetic fission 


product solution was added to a 2 


three-neck round bottom flask, fitted with a thermometer well 


TABLE 3 RADIONUC IDES ADDED TO THE SYNTHETIC FISSION PRODUCT MIXTURI 


Energy of prominent’ 


Radionuclide Half-life 
26-6 years 0-662 MeV 
65 days (*Zr) 0-722 MeV, 0-754 MeV 
35 days (Nb) 0-765 MeV 
e— 285 days ('"Ce) 0-134 MeV (Ce) 
17-3 min 
*Ru-'*Rh 1-00 year ('**Ru) 


30 sec ("*Rh) 0-513 MeV, 0-624 MeV ('"*Rh) 


In the “hot” experiments containing radioactive tracers, an aliquot of a tracer solution containing 
standardized '*Cs, *Zr—""Nb, and Rh tracer was added also. Five hundred 
millilitres of technical hydrobromic acid (48 per cent) was added and heating (by a 21. heating 
mantle) begun slowly. The effluent bromine and nitrogen oxide vapours were passed through a 
water condenser and the noncondensibles were bubbled through a caustic solution When the 
bromine effluence ceased, additional hydrobromic acid was cautiously added. A total of 1800 ml 


of concentrated hydrobromic acid was generally sufficient to destroy the nitrates present and convert 
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the cations to bromides. An additional 700 ml of hydrobromic acid was added to increase the acid 
concentration. Concentration of the solution was continued until a final volume of 300-1000 mi was 
attained. The reducing atmosphere of the hydrobromic acid prevents the ruthenium from escaping 
from the system as the tetroxide and negates the necessity of prior ruthenium removal F 

Upon cooli ng, reddish-brown crysti ils separated from the solutio ec crystals were readily 
removed by centrifugation and washed with 100 ml of concentrated hvdrobromic acid These 
reddish-brown crystals were found to contain most of the cesium, as wel! as ruthenium bromine, 

product wostes “conten mg VU, Al Fe 


ond fission products (Cs, Sr, Ce. 
zr, Mo, Ru, RE etc) 


[Mother bquor contoming U, Al Mo crysicls ao Hy 


Aqueous of “Cs, , Ru, and msoiuble | 
Rdsolts sore 


Lond Rd salts NaOH, ond RDOH | 


Byoporcte | 


Extocton with Br, | 


poration } 


EE 
95% yeid of | 
L99 % CsBr, 


Fic Separation of cesium from fission product waste solutions 


and molybdenum, and small amounts of cerium and zirconium. Water caching of the crystals with 
100 ml water solubilized the cesium, resulting in a cherry-red supernatant solution, which was 
separated from the white residue by centrifugation. The white residue was found to contain the 
certum and zirconium while the cesium, molybdenum, ruthenium, and bromine were in the red 
solution 

The ruthenium and molybdenum were removed from the solution by the addition of NaOH after 
adding a suitable carrier such as iron or yttrium. This hydroxide precipitate removes the molybdenum 
as well as most of the ruthenium. The hydroxide treatment did, however, introduce a considerable 
quantity of sodium. After acidify ing with hydrobromic acid the supernatant solution was evaporated 
to dryness. Cesium was separated from the large sodium bromide content by extracting cesium 
bromide into bromine. About 40 ml of bromine were used for the initial extraction and the residue 
after filtering was washed with an additional 20 ml of bromine. The cesium bromide was recovered 
by the evaporation of the bromine. The chemical purity of the cesium bromide was increased slightly 
by dissolving the cesium bromide in 2-3 ml water, filtering, and adding 40 ml isopropyl alcohol to 


L J 
48% HBr >{ Evaporation > Br, N omdes, 1,0 
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The cesium bromide precipitate was washed once with 20 ml isopropyl alcohol and 


the supernate 


dried at 110 € 
The prime crystals obtained on the evaporation of the fission product solution were found to be 


composed mainly of a cesium—-molybdenum—bromine complex, cesium molybdeny! pentabromide, 
Cs,MoOBr,, and possibly a cesium-ruthenium—bromine compound, probably Cs,RuBr, 


Fic. 2.—y-Spectrum of fission product starting solution. 


2, 3, 4 and 5 illustrate the recovery and decontamination of radioactive cesium. Fig. 2 is 


Figs 
a 7-Sspectrum of the original fission product solution to which standardized '“Ce—'"Pr, '*Ru—'"*Rh 
"Zr-"Nb and **’Cs tracers had been added. Fig. 3 is a ; -spectrum of the impure crystals 
of Cs,MoOBr, obtained after the initial evaporation, Fig. 4 is a y-spectrum of the final cesium bro- 
mide product, and for comparison, Fig. 5 is a 7-spectrum of the '*’Cs tracer used. The cesium bromide 
product appears to be radioactively pure cesium, as evidenced by the removal of the 'Ce—*Pr, 
*Ru—'’Rh and “Zr—"Nb activities. The specific activity of the cesium in the starting solution was 
60,000 counts/min per g CsBr, and the specific activity of the cesium in the CsBr product is 60,150 
counts/min per g CsBr, indicating a quite pure product. 
y-Spectra obtained during various stages of the process indicate that the combined mother liquor 


hydrobromic acid supernate and hydrobromic acid washings of the impure Cs,MoOBr, crystals 
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contain essentially all the cerium, most of the zirconium, and smaller amounts of ruthenium and 


s,MoOBr, crystals appears 


cesium. The water insoluble residue remaining after the leaching of the ¢ 


to be radioactively pure "Zr. However, it is believed that other fission product activities not used in 
these experiments would contaminate this residue. For example, tellurium was found to be present 
in this zirconium rich fraction by X-ray fluorescence, and 115 day '*’"Te present in fission products 
could be expected to concentrate here 


O5 
Energy, MeV 


Fic. 3.—+-Spectrum of impure Cs,MoOBr, crysta 


Only 66 per cent of the cesium bromide was recovered in the above experiment. About 5 per cent 
of the cesium bromide was not extracted into the bromine from the CsBr—NaBr phase. This may be 
recoverable by a second bromine extraction. Most of the residual cesium (29 per cent of the original 
appears to have been retained in the mother liquor, i.e., it did not crystallize as hydrobromic acid 
insoluble Cs, MoOBr,. However, in this experiment, the evaporation concentration of the fission 
product solution was stopped when the volume was 1000 ml and the solution boiling point 130-135°C 


Other experiments have indicated that concentrating the solution to a final volume of 300 ml and a 


temperature of 150°C, resulted in over 95 per cent recovery of the cesium. The purity of Cs, MoOBr, 
crystals is decreased accordingly, but this is not expected to affect the subsequent purification of the 
cesium bromide materially. 
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The chemical purity of the cesium bromide product was determined in an experiment in which no 
tracer activity was introduced. While specific activity data on the tracer experiments indicated that 
the chemical purity of the product was quite good, additional direct evidence from a “‘cold”’ experi- 


ment was obtained by an analysis of the product by X-ray fluorescence. The cesium bromide product 


was found to be greater than 99 per cent pure, the only impurity found by X-ray analysis being a 


small amount of rubidium. Rubidium contamination is not considered serious in the cesium product, 


le 


| 


Fic. 4.—y-Spectrum of cesium bromide product. 


1 in fission in only 10~* per cent yield has a half-life of 18-7 days and 


however, since *Rb, formed 

**Rb, which has a fission yield of 2-7 per cent and a half-life of 5 10’ years has no y-activity 
associated with it. Moreover, most of the rubidium has been removed in the process. The deconta- 
mination factor for the rubidium removal is ~25, indicating less than 2 per cent of the original 


ubidium is retained in the product. 
The yield of cesium can be appreciably improved by the addition of isopropyl alcohol to the 


mother liquor after the crystallization of the impure Cs.MoOBr,. Cesium bromide as well 


as Cs,MoOBr, is insoluble in isopropyl alcohol, whereas many other metallic bromides are quite 


soluble. The alcohol addition therefore precipitates additional Cs,MoOBr, and any uncomplexed 


cesium bromide. The specific activity of these alcohol crystals is not as high as the prime crystals 
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of impure Cs,MoOBr,. In an experiment designed to determine the yield of these crystallizations 
and precipitations it was found that 63-8 per cent of the cesium 
impure Cs,MoOBr, crystals (total crystal weight = 2:7998 g). Ar 


7 activity was recovered in the 

idditional 35-3 per cent of the 
c e 5 ml of combined 
mother liquor and prime crystal washings (weight 6-610 2). This ind esat | 


total recovery ol 
99-1 per cent of the cesium in a total solid weight of 9-410 g or solids 


Cs activity precipitated upon the addition of 3-5 |. of isopropy! a! 


I per cent cesium 


2-6 0-4 
Energy, Me\ 


Fic. 5.—+-Spectrum of tracer 


on a weight basis. In all 98-8 per cent of the cesium was 
impure Cs,MoOBr, prime crystals and 97-7 per cent of the cesiun 


leached with water from the 

is leached from the alcoholic 

crystals. The total solid weight of the evaporated combined leachings was 6-2313 g or 19-5 per cent 
~ 


cesium by weight. While this particular experiment was not contit to the final recovery of cesium 


bromide, it is anticipated that no undue difficulties would be encount 


Identification of the complex cesium crystals as Cs,MoOBr, 


Pure crystals of the complex were prepared by a method identical to the treatment afforded the 
fission products. Twenty grammes of cesium bromide were dissolved 
containing 12 g of molybdenum metal dissolved in aqua regia. Nitric 


water and added to a solution 


acid was added and ev aporation 
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of the solution was begun with the simultaneous slow addition of technical hydrobromic acid (48 


per cent) Heating and evaporation were continued until all the nitrates present were destroyed and 


the solution quite concentrated. Upon cooling, red crystals of the complex cesium salt separated 
and were removed by centrifugation. The cry stals were washed once with hydrobromic acid and dried 
after washing with isopropy! alcohol 

Several independent pieces of information support the identification of the formula of the cesium 
complex crystals as € s,MoOBr,. After X-ray fluorescence had identified the complex as containing 
cesium, molybdenum and bromine and reported a bromine content of 52:8 per cent, a micro analysis 
of the cesium and molybdenum content was made. These analyses, together with the elemental 
analysis of Cs, MoOBr, and Cs,MoBr, for comparison, are given in Table 4. 


Element Reported analysis Cs,MoOBr, 


6 (Microchemical)* 34-20 
(Microchemical) 12-34 
(X-ray fluorescence) 51-40 

2-06 


* The range reported for the cesium is attributed to the lack of a good quantitative analysis method. 
X-Ray diffraction measurements on the crystals identified them to be face centred cubic belonging 
to the K,PtCl, type compounds. Since the chemical analyses apparently preclude a Cs,MoBr, 
formula, other formula possibilities were investigated. The oxidation state of the molybdenum was 
determined by two separate experiments A permanganate titration of an aqueous solution of the 
crystals after quantitatively removing the bromine by the addition of silver sulphate established a 
value of 0-996 for the electron change of the m ylybdenum during the oxidation, an indication that 
the molybdenum was originally present as a pentavalent ion This was confirmed by a polarographic 
analysis of the crystals. A polarogram was obtained from a sample dissolved in 0 3 N hydrochloric 
acid. A wave was found having a half-wave potential of 0-69 V corresponding to the reduction 
from 5 to 3. A sample of sodium molybdate analysed in the same electrolyte gave pronounced 
half-waves at —0-2 V for the to reduction and at —0-71 V for the 5 to reduction. The 
molybdenum in the complex has an oxidation state of 5, since little or no wave was produced in the 
0-2 V region 
The identification of the oxidation state of the molybdenum as + 5, suggested the possibility of 
the Cs, MoOBr, formula. The presence of oxygen in the crystal was confirmed by infra-red analysis. 
A bond was identified at 10-51 ~, that is, 952 cm~! which is in the region expected for a Mo-O bond. 
No bonds were found corresponding to multiple oxygen linkages. From these sets of evidence, the 
crystals have been characterized as Cs, MoOBr 
Cs,.MoOBr, is soluble in water, forming a cherry red solution. The crystals are insoluble in 
concentrated hydrobromic acid and isopropy! alcohol 
Crvstals of Cs. MoOBr, can be made in the absence of nitric acid, also. A solution was prepared 
containing cesium bromide in water, molybdic acid, principally as ammonium molybdate and con- 
vdrobromic acid. After heating to concentrate the solution, with additional hydrobromic 
acid | 


cooling. Yields of Cs,MoOBr, of 99 per cent have been obtained by this method as well as starting 


¢ added to maintain a high acid content, red crystals, identified as Cs, MoOBr separated on 


with molybdenum metal in a nitric acid system 

Quite possibly, some of the cesium from the original evaporation and concentration of the fission 
product solutions crystallizes as a cesium-—ruthenium—bromine complex. This is suggested by the 
relatively large ruthenium content of the impure crystals. In order to establish the existence and 
relative insolubility of such a cesium-ruthenium-bromine complex, ruthenium trichloride hydrate 
and cesium bromide were dissolved in water. Nitric acid was added and the solution was concentrated 


and evaporated with the simultaneous addition of hydrobromic acid. After cooling, dark brown 
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Cs 33-4-35 31-60 
Mo 12-37 11-41 
Br $2:8 57:00 
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crystals separated, which were subsequently identified by X-ray fluorescence as containing cesium, 
ruthenium and bromine in approximately the same ratio as the cesium, molybdenum and bromine in 


Cs,MoOBr,. The crystals were not identifiable by X-ray diffraction, but were possibly hexagonal. 
These might suggest a Cs,RuBr, formula. No further experiments were done to identify these ruthe- 
nium crystals. 


DISCUSSION 

Cesium molybdenyl pentabromide, Cs,MoOBr;, was reported in 1905 by WeIn- 
LAND and KNOLL” who prepared the complex by using Mo : Cs concentrations in 
the proportion 2:1. A solution of molybdenum trioxide in HBr was reduced 
electrolytically to +5. The resulting pentavalent molybdenum solution was trans- 
ferred under a nitrogen atmosphere to an air-free flask containing a solution of 
cesium bromide. The resulting garnet-red octahedral cesium molybdenyl penta- 
bromide crystals were washed with hydrobromic acid, drained and dried in vacuum. 

It would appear that the complex can be prepared much more easily; the penta- 
valent molybdenum being obtained by the reducing atmosphere of hydrobromic acid. 
In the presence of cesium bromide in the same solution, cesium molybdenyl penta- 
bromide crystallizes upon cooling. The complex is quite stable in air, no oxidation 
to hexavalent molybdenum being noted. 

Since nitric acid is not necessary in the preparation of the complex salt, as evidenced 
by the preparation of cesium molybdenyl pentabromide in the absence of nitric acid 
or nitrates using ammonium molybdate, cesium bromide and hydrobromic acid, the 


removal of nitric acid from the fission product solutions by solvent extraction, 


reaction with formaldehyde, etc., would reduce the amount of free bromine and 


nitrogen oxide vapours during the evaporation and concentration with hydrobromic 
acid. The bromine vapours can be condensed and if not contaminated by entrain- 
ment of the fission product solution can be used for the extraction of the cesium 
bromide product. 

The separation of the cesium as cesium molybdenyl pentabromide from the 
concentrated hydrobromic acid solution necessitated a modification of the original 
plan to precipitate cesium bromide with isopropyl alcohol. The recov ery of cesium 
in the impure cesium molybdenyl pentabromide crystals has been only 60-70 per 
cent. Yields of greater than 99 per cent should be possible by further concentration 
of the solution, as it has been demonstrated that greater than 99 per cent of the cesium 
crystallizes from the solution as Cs,MoOBr, when the solution becomes sufficiently 


concentrated. However, the yield of cesium can be raised also, by a second precipita- 
tion of cesium molybdenyl pentabromide and uncomplexed cesium bromide by the 
addition of isopropyl alcohol. In this manner, greater than 99 per cent of the cesium 
was removed from the fission product solution giving a mixture of cesium compounds 
(Cs,MoOBr,, CsBr, possibly a cesium-ruthenium—bromide complex, etc.) with a 
cesium content of 13-1 per cent. (Original cesium content. of the fission product 
solution was 0-22 per cent.) Water leaching of these precipitated solids increased 
the cesium content to 19-5 per cent. 

While the recovery of cesium is not complete enough to materially improve the 
waste fission product storage problem, it might be possible to repeat the cesium 
separation from the mother liquor. Inactive cesium and molybdenum must be added 
and the evaporation and concentration repeated. Three such repetitions of the cesium 
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separation would theoretically reduce the cesium to only 10°", of the original 
cesium content. The specific activity of these separated cesium fractions would 


probably be too low to be useful as radiation sources. 

[he specific activity of the cesium product could be increased by conversion of 
the cesium bromide (62-4°, cesium) to other salts such as cesium chloride (78-9°, 
cesium), etc. 
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Abstract—The distribution of nitric acid and thorium(IV) nitrate betw iqueous solutions and 
solutions of tri-n octylphosphine oxide in cyicohexane has been examined t t 
and various extraction variables at constant aqueous ionic strength. ( 

of 0-4 M. the distribution behaviour of nitric acid was found to 


ency on the organic reagent concentration. In the case of acidic thoriun ite $ ions, p 


the concentration of both thorium(1V) and hydrogen ton are maintained b vy O-O1 M, the extra 


of the metal as Th(NO,), JTOPO is indicated. At higher concentrat e¢ formation of 
adducts containing both the metal nitrate and nitric acid takes place 

of the extraction is very small in the case of the acid extraction and too s 

nitrate to be observed by the analytical methods used. During the course 

and density of saturated tri-n-octylphosphine oxide solutions in cyc 


range of 65-35 C was also measured 


Jol, 
12 IN recent communications" the selectivity and versatility of tri-n-octylphosphine 
59/60 oxide (hereinafter referred to as TOPO) as a reagent for the solvent extraction of 


various metals has been reported. These workers observed that thorium(IV) ts 
readily extracted by TOPO in cyclohexane from aqueous nitrate or chloride solutions, 
but only very weakly from sulfate solutions. The primary purpose of the foregoing 
studies was to obtain information that would be useful principally for analytical 
applications. The present study represents one of the initial efforts undertaken for 
the purpose of obtaining a more fundamental understanding of the nature of the 
extraction processes involving TOPO. 

In this investigation the distribution of nitric acid and of thorium(1V) nitrate 
between acidic nitrate solutions (of ionic strength 2 M) and cyclohexane solutions of 
TOPO was measured as a function of temperature and several extraction variables. 

In order to avoid the use of organic solutions which might be too concentrated 
as a result of the decreased solubility at the lower temperatures, the solubility of 
TOPO in cyclohexane at 65°C, 11°C, 25°C and 35°C was measured as well as the 
densities of these solutions. 

EXPERIMENTAL 

Tri-n-octylphosphine oxide. The TOPO reagent was prepared by purification of the Eastman white 
label product. This involved initial oxidation in petroleum ether solution with aqueous potassium 

* Chemistry Department, A. and M. College of Texas, College Station, Texa 
J. Ross and J. C. Wurre, ORNL-CF-56-9-18 (1956) ORNL-2326 (195 ORNL-2382 

1957) ORNL-2453, p. 68 (1957) ORNL.-2498 (1958) ORNL.-262 | C. K. Mann 

and J. C. Wuire, Analyt. Chem. 30, 989 (1958) C. A. Horton and J. ¢ nny vid. 30, 1779 (1958) 
J. P. Youne and J. C. Weare, 31, 393 (1959) 
15 


© 
ganic 
perature 


316 R. A. ZINGARO and J. C. Wuire 


permanganate in order to oxidize any phosphinous acids to the corresponding phosphinic acids. 
Manganese compounds were then removed by successive treatment with sodium oxalate and sulphuric 
and hydrochloric acids. The petroleum ether solution of TOPO was then slurried with activated 
alumina to remove the phosphinic acids. The final product, recrystallized from petroleum ether at 
20 C, contained a maximum of 0-07 per cent of phosphinic acids as indicated by titration and the 
ultra-violet spectrum. The melting point of the purified TOPO was 53-5 ¢ 
Cyclohexane. Eastman white label grade cyclohexane was used without further purifica- 
tion 
Thorium nitrate. An aqueous solution of reagent grade thorium nitrate was adsorbed on Dowex-50 
resin which was eluted with hydrochloric acid to remove the rare earths. Thorium(1V) was finally 


eluted with sulphuric acid and precipitated as thorium oxalate. The oxalate was ignited to the 


oxide at 1000°C and subsequently dissolved in nitric acid and evaporated to crystals of 


Th(NO,),4H,O 

Solutions. Stock solutions were prepared at each temperature from reagent grade chemicals or 
from reagents purified as previously described. Less concentrated solutions were prepared by 
dilution of the stock solutions. Sufficient sodium nitrate was added to all aqueous solutions to adjust 
the ionic strength to 2M. All solutions were analysed prior to equilibration 

TOPO-Cyclohexane solutions were prepared by weighing calculated quantities of the solute and 
diluting with appropriate amounts of the solvent at the given temperature 

Temperature control. The 11 C-, 12°C- and 25 C-constant temperature baths were controllable 
to within — 0-05 C. The 35 C-bath was controlled to within —0-2'C. The 6:5 C-measurements were 

in an equilibrium mixture of cyclohexane at its freezing point (6-5 C). A cyclohexane slush 
was maintained at its equilibrium temperature by immersion in a second bath of frozen cyclohexane, 

mperature of which was controlled by a third removable surrounding ice-water bath. The 

ature fluctuation in the cyclohexane slush was — 0-1 ¢ 

lubility and density measurements. Cyclohexane was saturated with TOPO at a temperature 
higher than that at which the determination was to be made he saturated solution was then equili- 
brated by shaking in a constant temperature bath. Samples were withdrawn through cotton filters 
into calibrated pipettes and weighed in glass-stoppered weighing bottles. The solution was then 
evaporated at temperatures below the boiling point of the solvent and final traces of cyclohexane 
were removed in vacuo at temperatures above its boiling point. The weight of dissolved solute was 
then obtained. 

4 minimum of four samples was measured at each temperature; the maximum deviation within 
a series Of measurements was 0-5 per cent. The rate of equilibrium was very slow at 35°C; reproduc- 
ible measurements were obtained only after continual shaking for 48 hr. Attempts to make these 
measurements at 45 C were unsuccessful in that the results were not reproducible. At the lower 
temperatures equilibrium was reached after an hour. 

Extraction measurements. Equal volumes (usually 20 ml) of aqueous and organic solutions of 
known composition were equilibrated by rapid shaking in glass separatory funnels for at least 2 hr 
at 35 'C and 8 hr at the lower temperature. Analysis of control samples at each temperature at fixed 
time intervals showed that equilibrium was reached after 10-20 min. Following equilibration, the 
phases were separated and samples were taken for analysis. 

Previous studies'*’ showed that there was no detectable transfer of sodium nitrate or nitric acid 
into pure cyclohexane and that no water of hydration is associated with either the free TOPO solutions 
or the TOPO-thorium complexes 

inalyses. In the case of the pure nitric acid-sodium nitrate solutions, the total acidity of the 
aqueous phase was directly determined by titration using phenolphthalein indicator. The organic 
solutions were dissolved in ethanol and titrated in this solvent. When thorium was present, potassium 
oxalate was first added to complex the thorium and the acid was then titrated. In the latter case a 
blank correction was also made. The blank corresponded in composition to the sample, except that 
no acid was present. 

When present in sufficient concentration, thorium was determined gravimetrically by precipitation 
as the oxalate and ignition to the oxide. In the majortiy of cases, thorium in both phases was deter- 


mined colorimetrically’ following equilibration. 


*) W. J. Ross. Unpublished results. 
*) P. F. THomason, M. A. Perry and W. M. Byer.y, Analyt. Chem. 21, 1239 (1949). 
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RESULTS AND DISCUSSION 
Solubility of TOPO in cyclohexane 


The density and the composition of saturated TOPO-cyclohexane solutions are 
given in Table |. 

It is noted that the solubility of TOPO in cyclohexane increases by four and half 
times as the temperature increases from 65 to 25°C. Concurrently, the density 
increases, although the change is small. As the temperature is increased from 25°C 
to 35°C, the solubility increases only very slightly. It is also to be noted that there is a 
very slight decrease in density at 35°C compared with the value at 25°C. 


TABLE 1.—DENSITY AND SOLUBILITY OF SATURATED TOPO-—CYCLOHEXANE SOLUTIONS 
AT VARIOUS TEMPERATURES 


Solubility TOPO Mole fraction 
Temperature Density Composition 


(C) (g/l) TOPO by wt 
(g/l) (mole/1.) TOPO _ Cyclohexane 


81-42 0-2107 0-02505 0-9749 
164-9 0-4253 0-05402 00-9458 
356°] 0-922? 0-147] 0O-8530 


360-8 0-9334 45-2 0-1690 0-8310 


Extraction of nitric acid 


In the treatment of the nitric acid extraction data, it is assumed that TOPO 
extracts nitric acid according to the following equilibrium 


+ + nTOPO,,, — (HNO,-nTOPO),... (1) 


a) 


Although n is expected to be a small, integral number, it may be smaller than one if 
more than a mole of nitric acid is extracted for each mole of TOPO. or. if polymeriza- 
tion occurs in the organic phase, n may have a fractional value. It is also necessary 
to assume that TOPO exists as the monomer* in cyclohexane solution. Since the 
ionic strength of all solutions is 2 M, and if only those experiments are considered in 
which the total quantity of acid extracted is less than 0-05 mole, the concentration 
of nitrate ion will remain essentially constant at 2M. Let us define the extraction 
coefficient, E,”, as follows: 

(HNO,nTOPO), __ nitric acid concentration of organic phase Q) 


(H*), nitric acid concentration of aqueous phase 


The equilibrium quotient can be approximated by the following expression: 


(HNO.-n TOPO) 


2(TOPO),’ (3) 
(H*),(NO.~), (TOPO), 


According to equation (3), a plot of log £,” against log (TOPO), should yield a straight 
line of slope n. Such plots were made using experimentally determined values of E,” 
* C. F. Bakes of the Oak Ridge National Laboratory, in some recent isopiestic investigations of solutions 


of TOPO in n-hexane, has found no evidence of polymerization. This information was obtained by personal 
communication. 
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and calculating (TOPO), i.e., the concentration of uncomplexed organic reagent, by 
difference. A series of plots was obtained using values of (TOPO), calculated for 
n 0-5, 1 and 2. The only reasonable correlation was obtained for n l. A plot 


T 


| 


0-00! 0-0! 0-1 
(TOPO) 


Distribution of nitric acid between water and cyclohexane as a function of equilibrium 
TOPO concentration 


0-0) 


of E,° vs. (TOPO), (for n 1) is shown in Fig. | at the various temperatures. The 


lines have been drawn with a slope of unity. It is seen that the extraction coefficients 
decrease slightly with decreasing temperature, although the three uppermost points 
at 12-4°C are well above those at 25°C. This may be due in part to experimental 
error ((H*) ~ 0-001 in this region); however, these points fall on a steeper slope and 
indicate a dependency on n > |. 

The 12:4°C data were also plotted using (TOPO), values based on the assumed 
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formation of a HNO,-2TOPO complex. These lines fell on a slope of 0-5. This 
indicates that other equilibria are involved in the more dilute solutions at lower 
temperatures and that the assumption of the formation of a single complex is in- 
adequate. 

At 25°C and 35°C the lowest points of | ig. | are out of line, but in this region 
the hydrogen ion concentration is sufficiently high so that the organic reagent is 


essentially 100 per cent saturated and values of the organic reagent concentration 
calculated by difference are subject to considerable error. 

In the region of (H*), = 0-005 to 0-4M and TOPO — 0-01 to 0-05 M. the ex- 
traction behaviour is reasonably consistent with first power dependency on the organic 
reagent concentration. Values of K have been calculated by the use of equation (3) 
for those experiments in which the analytical error is not greater than two per cent 
and where the value of the uncomplexed organic reagent concentration calculated 
by difference is subject to small error. 

The average value for the equilibrium quotient, using the best applicable eXperi- 
mental values, was 11-6 at 35°C, 91 at 25°C and 7-3 at 12-4°C. The trend toward 
lower values with decreasing temperature is apparent. An approximate value for 
AH of 1-3 kcal/mole was calculated from the slope obtained by plotting log K versus 
1/7. The small value for \H is expected in view of the very slight effect of temperature 
on the equilibrium. 

The ratio of the total concentration of acid to TOPO has been plotted in Fig. 2 
against the equilibrium aqueous acidity. The limiting values of (TOPO), (HNO,) 
are 1-10 at 12-4°C, 1-00 at 25°C and 0-88 at 35°C. The formation of a | : 1 adduct 
is strongly supported, but the limiting value of 0-88 at 35°C indicates the formation 
of species in which more than one mole of nitric is extracted per mole of reagent. 

It is likely that the TOPO molecules at the aqueous-organic interface have the 


polar O—P grouping directed toward the aqueous phase which is of high dielectric 
constant. The polar grouping may possibly extend across the interface and into the 
aqueous phase. The extraction of the nitric acid would probably involve bonding 


of the proton to the negative end of the O—P dipole. The nitrate ion would be carried 
into the organic phase in order to maintain electrical neutrality. The scheme may 
be summarized as follows: 


H,0,,, + NO;,,, + O—PR,,,, = H,O H O—PR, + NO,,, 
H,O,,, — (NO,H-OPR,),... 


The middle term suggests the nature of the equilibrium species at the interface. 

The formation of the indicated complex should bring about a shift in the phos- 
phoryl stretching frequency as a result of the interaction between the proton and the 
phosphory! oxygen. Daasch and found the phosphory! stretching frequency 
for trisubstituted phosphine oxides at 1176-1190cm~!. In the case of TOPO. this 
band has been found at 1194 cm~!. After saturation with nitric acid, the 1194 em! 
TOPO band is shifted to 1110cm™?. This represents an abnormally high shift when 
*' For a discussion of the work of Daascu and SmirH, and other pertinent references, see L. J. BELLAMY. 

The Infra-Red Spectra of Complex Molecules p. 312. John Wiley, New York (1958) 


J. C. Wuite, The Use of Tri-n-octylphosphine Oxide in Analytical Chemistr) Special Technical Publi- 
cation No. 238, ASTM (1958). 
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concentration in cyclohexane solution as a 


contrasted with the 10-20cm~' change which is observed for hydrogen bonded 
carbonyl linkages. This shift of 84cm~' is not unexpected, however, in view of the 


correspondingly high changes observed by DAAscu and SMITH in the case of hydrogen 
bonded phosphoryl groups of amino phosphorous compounds. In addition, BELLAMY 
and Beecner” have shown that for silver salts of dialkyl phosphates the bands 
ascribed to the P=O vibration and P—OH deformation in the free acid disappear, 


L. J. Bectamy and Beecner, J. Chem. Soc. 1701 (1952) 
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and are replaced by a single band in the 1056-1110 cm~ region presumably attributed 
to an ionic phosphate group. These observations strongly suggest a structure 


approaching the type (R,P—-OH)NO, for the nitric acid-TOPO adduct. 


Extraction of thorium nitrate 
In Table 2 the data of Ross and Wutre'”? are given for the “loading” of cyclo- 
hexane-TOPO solutions by aqueous thorium nitrate in | M nitric acid. 


TABLE 2.—-COMPOSITION OF CYCLOHEXANE-TOPO SOLUTIONS AFTER EQUILIBRATION 


WITH NITRIC ACID-—THORIUM NITRATE SOLUTIONS 
io, | 


Thorium, total 
TOPO, total Nitrate, total (TOPO).(Th), (NO.).(Th) 


0-33 
0-26 
0-17 
0-09 
0-259 


These data show that a (TOPO),/(thorium), ratio of about 3:1 exists in the 
thorium saturated organic phase. However, the ease of extraction of nitric acid and 
the relatively high acidity result in concurrent extraction of the acid. This is shown 
by the nitrate ion concentration in the organic phase which is in excess of that required 
for extraction of thorium alone, as the tetranitrate. 

In Fig. 3 are shown the results obtained in the present investigation when the 
equilibrium aqueous thorium concentration was plotted against the equilibrium ratio 
(TOPO),/(Th),. The value of (TOPO), represents the initial organic reagent con- 
centration less the nitric acid concentration of the organic phase. The latter correction 
is made with the assumption that | mole of TOPO is associated with each mole of 
nitric acid extracted. The thorium ion concentration was varied from 0-00002 to 
0-5 M while maintaining the initial acidity at 0-097 M. The latter value was as low 
as 0-07 M at equilibrium because the amount of acid extracted increased with 
decreasing concentration of thorium. At higher thorium concentrations, 0-03-0-05 M, 
the organic reagent is essentially completely combined with the acid and metal salt 
so that calculations of the frees, equilibrium concentration of TOPO were not made. 
At lower thorium concentrations, 0-01—0-002 M. the equilibrium concentration of 
thorium in the aqueous phase was so low, 10-*M, that values of the extraction 
coefficient were subject to considerable analytical error. No attempt was made to 
calculate equilibrium quotients employing these values. However, the “loading” data 


clearly suggest a 3 : 1 molar ratio between the organic reagent and thorium nitrate 
in the organic phase. The thirteen values at the highest thorium concentrations have 
an average value of 3-07 with the minimum and maximum values being 2-71 and 3-11, 


1-0 30 
0-75 2-9 
0-50 2-9 
0-25 >-8 
0-70 1:24 2-7 47 
0-70 0-259 1-24 2-7 4-7 
0-70 0-259 1-17 4-5 
0-70 0-259 1-13 2-7 44 
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respectively, after correcting for extracted nitric acid. These results indicate the 
independence of the nitric acid~TOPO and thorium nitrate-TOPO equilibria, when 
both are present in the indicated range of concentration. 

The simplest generalized equation for the extraction of thorium nitrate can be 
written as follows: 


Th*4,,, + 4NO,- + nTOPO — Th(NO,)-nTOPO. (4) 


If all concentrations are small relative to nitrate, i.e., the nitrate concentration is 
relatively unchanged before and after equilibrium, ” can be determined by a plot of log 
D,’ vs. log (TOPO), where D,”, the extraction coefficient is defined as follows: 


D Thorium concentration in the organic phase 
Thorium concentration in the aqueous phase 


and (TOPO) represents the free, uncomplexed, equilibrium concentration of the 
organic reagent. Among the simplifying assumptions made are that the organic 


5M 


< 
Th 


) 


Ratio of organic reagent to thorium concentration in cyclohexane solution as a 


function olf equilibrium aqueous thorium concentration 


reagent exists in the simple monomeric species in solution, that a single extracted 
species of complex is formed, and that the activity coefficients of the various species 
are essentially unchanged over the range of concentrations and conditions investigated. 

\ test of the dependency of the extraction on the TOPO concentration was made 
by varying the initial reagent concentration from 0-1 to 0-00025 M at constant initial 
aqueous concentrations of thorium and hydrogen ion. The acidity was maintained 
at a much lower level than that employed by Ross and WHITE so as to minimize 
complications resulting from extraction of the acid. Assuming the formation of a 
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3 : 1 TOPO-thorium nitrate complex, from equation (4), the following relationship is 
obtained: 

log K = log D.° 


[4 log (NO,~) + 3 log (TOPO). 


If the formation of a 3 : | complex is correct, values of K calculated on the basis of 
this assumption should be constant. Also, a plot of log D,” against log (TOPO) at 
constant nitrate 1on concentration should have a slope of three. : 

Inasmuch as a direct measure of the free TOPO. or of the organic hydrogen ion 
concentration, was not available, both these values had to be calculated by difference. 
The equilibrium concentration of free TOPO, (TOPO). was calculated as follows: 


(TOPO), = (TOPO), — [3(Th), + (H*),] 


where (TOPO), is the initial concentration of TOPO, and (Th). and (H*). are equilib- 
rium concentrations of thorium and hydrogen ion in the organic phase. The errors 
introduced by the use of values based on differences will be large in those cases where 
the TOPO is essentially all complexed, but should be small in the more concentrated 
reagent solutions. 

Assuming the formation of the 3 : | complex and a constant nitrate ion concen- 
tration of 2 M, the following simplified form of the concentration equilibrium quotient 
results. 

D 
(5) 
16(TOPO) 
Listed in Table 3 are the data used to calculate K according to equation (5). 


Values of K were not calculated in those cases where D.” was too indefinite due to the 


THORIUM NITRATE EXTRACTION AS A FUNCTION OF VARIABLE TOPO CONCENTRATION 
0-00983 M 


TABLe 3 
cidity 


Temp. (C) 


Initial aqueous thorium concentration, 0-00957 M: init 


Initial aqueous thorium concentration, 0-01035 M at 12 ¢ 


1 
2 
0O-00168 


000905 
0 00945 
0-00991 


0/0095 
~io-* 
~10 
00024 
00625 
0 00875 
0-00961 
001034 


(Th) 


0-009" 
0.0095 
00037 


0 


00000 48 


00099 

0 00698 
so 
000016 
000007 3 


000762 
0 00409 
1! 
0000121 


(Th), * 


0009348 
0 00947 
0. 00978 
0.00976 
0.00957 
0.00995 


000958 
0-O098) 
0.00970 
0 00966 


000957 


0-01002 
001034 
001032 
001046 


026 


D 


~10 
269 
0 664 
O1s4 
> 
0-654 
0-0°40 


00060 
00060 
0-008" 
0.0095 
0 
0 0098 
oO 


00069 
ooo! 
O 
0 0096 


0.0054 
ooo” 
00087 
0 
oO 
oO 
0 0096 


00048 
oOo 
0003 
oO Om 


0-000! 
0-0029 
0.000 
0-000. 
0-002 
0-00 


00004 


00002 
0 0002 


TOPO) 
(MD 


00s 

0 
0.0050 
000250 
000050 


0-00025 


(TOPO) 


0-067 


00007 | 
0-0003 
0-000) 4 
000014 


0-065 
0-020 
0-003 
000074 
00040 
0000) 


0-065 


0.00047 
000017 


Thorium balance; total thorium concentration in both phases by analysis 


* (Th), 


extremely dilute aqueous thorium levels at high organic reagent concentrations. In 
addition, K values could not be calculated when the analyses showed that the con- 
centrations of the extracted species equalled or exceeded the reagent concentration. 


— 
25 16° 
10 
46 
Oo 0641 10° 
) 10° 
o-oo! 4 10 
35 
~lo* 00% 
0-0026 
0.0059 0-o12s 
00084 0.00450 10° 
0.0095 0 00050 10° 
0 00025 
12 
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4 Distribution of thorium nitrate between water and cyclohexane as a function of 
equilibrium TOPO concentration 


Where the data permitted calculation of K values, the general agreement is quite 
satisfactory. It is to be noted that there is no apparent trend in the equilibrium 
quotient at the different temperatures investigated. This indicates that the temperature 
effect is very slight, or that the experimental procedure used is not sufficiently sensitive 
for the purpose of measuring the change in K with temperature. 

In Fig. 4 those values of D,’ and (TOPO),, for which K values have been deter- 
mined, have been plotted on logarithmic axes. Dashed lines of slopes two, three and 
four have been drawn and it is noted that the solid lines for the 25°C and 35°C points 
best fit a slope of three. The 12°C points are too scattered to be indicative. The 
results at 25°C and 35°C support the proposed formation of a | : 3 thorium nitrate 
TOPO adduct. 
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Results obtained at higher acidities and at a higher constant concentration of 
thorium nitrate are shown in Table 4. The purpose of these experiments was to 
obtain more accurate analytical values so that temperature effects might be more 
critically observed. While the thorium material balance is very good, indicating 
reliable analytical values, it is to be noted that it was not possible in every experiment 
to calculate the value of (TOPO).. In the latter cases. the respective concentrations 
of acid and thorium in the organic phase were such that the assumption ofa 1:1 


and | :3 complex required TOPO concentrations in excess of that initially present. 


Although the values at 25°C were such that a finite equilibrium concentration of 
scattered set of points. It is clear that at higher acidities, |(H*) > 0-08 M], the 


equilibrium reaction given in equation (4) is inadequate 


TOPO was calculated in almost every case. a log-log plot yielded a completely 


TABLE 4 THORIUM NITRATE EXTRACTION BY TOPO AT HIGHER A IDITIES 
Initial concentration of Th 0-0207 


Initial concentration of TOPO 0-05 


Material 
Temp (Th), (H*) (TOPO), 
CC) balance 


12 0-00625 0-0134 0-0197 0-09 
0-00664 0-O0138 0-0204 

0-00638 0-014? 00-0206 0-029 
0-00513 0-0146 00-0197 0-076 
0-00513 O-OLS! 0-020? 0-003 
0-00418 O-O1SS 0-0197 ; 

0-00444 0-0164 0-0208 ; 0-003 


tv 


4 
~ 


x 


0-0017 


0-003 


0-00797 0-0125 0-0205 
0-00741 0-0129 0-0203 
0-00703 0-0134 0-0204 
0-00612 0-0142 0-0203 7 0-006 
0-00543 O-O1S5 0-0209 3 0-003 
0-00483 O-O1SS 0-0203 
0-00448 0-0160 0-0205 0-003 


0-0125 
0-010 

00-0014 
0-0005 


0-0035 


0-0113 
0-0074 


0-00819 0-0124 0-0206 ? 0-04 

0-00776 0-0129 0-0207 

0-00707 0-0142 0-0212 

0-00633 O-O1S! 0-0214 0-006 
0-00534 O-O1SS 0-0208 0-003 
0-00483 0-O1S9 0-0207 2 2 0-01 

0-00452 0-0164 0-0209 2 0-05 


0-0005 


* 


(TOPO) 


At higher acidities, the extraction of acid by the organic reagent is appreciable 
and the thorium extraction is no longer independent of the acid extraction. The 
TOPO-HNO, complex may itself act as the extracting agent leading to adducts of the 
type Th(NO,),nHNO,-3TOPO. An alternative mechanism leading to the same end 
would involve the formation, at higher acidity and high nitrate ion concentration, of 
H,Th(NO,), in the aqueous phase and the direct extraction of this species. The 
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formation of thorium complexes of coordination number of six is well known. 

In conclusion, it may be said that the effect of temperature, in the range of con- 
centrations reported and in the temperature range investigated, is extremely small and 
is of little effect in enhancing or suppressing the extraction of thorium from an 
analytical, or hydro-metallurgical point of view. This suggests that the heat of 
transfer of thorium nitrate from the aqueous into the TOPO-—cyclohexane solution is 
very small. This small heat of transfer may result from the fact that the heat of 
hydration of thorium nitrate and the heat of formation of the thorium nitrate-TOPO 
complex are of about the same order of magnitude. 

The formation of a Th(NO,),3TOPO complex seems to be fairly well established 


provided that the aqueous phase is fairly dilute with respect to both thorium and 
acidity (maximum concentration of each, 0-01 M). At higher concentrations and 


acidities other species are involved. 

{ quantitative understanding of this problem will require alternative experimental 
techniques. The most obvious approach is the use of very dilute solutions that 
contain tracer thorium. This will make possible more accurate determinations of the 
residual thorium concentrations under conditions where the extraction coefficient is 
very high. Also, this will make possible the use of very dilute solutions so that the 
organic reagent concentration will not be effectively changed after equilibrium and its 
concentration also can be calculated with considerably greater accuracy. 

Work carried out under Contract No. W-7405-eng-26 at Oak Ridge National Laboratory, operated 
by Union Carbide Corporation for the U.S. Atomic Energy Commission. 
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THE EXTRACTION OF ACTINIDE ELEMENTS FROM 
NITRIC ACID SOLUTIONS BY TRI-n-OCTYLAMINE* 


W. E. Keper, J. C. SHepparD?* and A. S. WILSON 
Hanford Laboratories Operation, General Electric ¢ ompany, 
Richland, Washington 


(Received 25 May 1959) 


Abstract—The extraction of six of the actinide elements from nitric acid solutions by tri-n-octylamine 
in xylene has been investigated and the effects of acid and amine concentrations have been measured 
The extraction of neptunium(IV) and plutonium(IV) was found to be much greater than any of the 
other oxidation states studied. The application of this property to a separation technique has been 
suggested The nitrate complex species predominating in the amine phase has been suggested in the 


case of the tetravalent ions 


LONG chain tertiary amine salts are soluble in a variety of organic solvents which are 
immiscible with aqueous solutions. This property of long chain tertiary amines permits 
extraction of acids and metallic anions from acidic solutions. SmitH and PaGe"? have 
extracted a variety of weak and strong acids from aqueous solutions with a chloroform 
solution of methyldioctylamine. Moore has used tri-iso-octylamine to extract 
plutonium(VI) from hydrochloric acid solutions.’ A principal use of these high 
molecular weight amines has been to extract uranium from sulphuric®-*-°) and 
hydrochloric’ acid solutions. A high molecular weight quaternary amine has been 
used in extracting plutonium(IV) from nitric acid solutions."”’ Moreover, an amine 
mixture has been used in the investigation of plutonium(IlV) nitrate complexes in 
aqueous solutions.’ Trilaurylamine has been suggested as an extraction agent to 
remove plutonium from nitric acid solutions of irradiated uranium. The present 
paper describes the extraction behaviour of the actinide elements: thorium, pro- 
tactinium, uranium, neptunium, plutonium and americium from nitric acid solutions 
using a xylene solution of tri-n-octylamine as the extraction agent. Of the oxidation 
States investigated, only plutonium(IV) and neptunium(IlV) were found to extract 
appreciably. 


8) 


(9) 


EXPERIMENTAL PROCEDURI 
A. Chemicals 


Tri-n-octylamine (TOA) obtained from the Chemical Procurement Company, 550 I ifth Avenue, 
New York 36, New York, was used without further purification. An acid equivalence determination 


* Presented before the Northwest Regional Meeting of the American Chemical Society, Portland, 

Oregon, June, 1958 

+ Present address: Department of Chemistry, San Diego State College, San Diego, California 

E. L. Smrru and J. E. Pace, J. Soc. Chem. Ind. 67, 48 (1948). 

F. L. Moore, Analyt. Chem. 30, 908 (1958) 

K. B. Brown ef a/., Report AECD-4142 (1954) 

( F. COLEMAN ef al., Proceedings of the Second International Conference on the Peace ful Uses of Atomic 

Energy, Geneva, 1958, P/510, Vol. 28, p 278. United Nations (1959) 

") K. G. ALLEN, J. Amer. Chem. Soc. 80, 4133 (1958) 

R. H. Baives, Progress Report DOW-157 (1957) 
B. GOLDsCHMIDT et al., Proceedings of the International Conference on the Peaceful Uses of Atomic Energy, 
Geneva, 1955, P/349, Vol. 9, p. 492. United Nations (1956) 

"J. A. Brorners et al., J. Inorg. Nucl. Chem. 7, 85 (1958) 

'* A. S. WiLson, Proceedings of the Second International Conference on the Peaceful Uses of Atomic Energy, 
Geneva, 1958, P/544, Vol. 17, p. 348. United Nations (1959). 
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yielded a value of 375 g/mole of hydrogen ion. The theoretical value is 354. The amine was light 


yellow in colour, and its nitrate salt was pink to brown in colour in xylene. Xylene was Baker's 
reagent grade; it was used without further purification. Ferrous sulphamate was prepared by 
dissolving iron filings in a solution of sulphamic acid at about 80-90 C. The solution was stirred 
by nitrogen aeration which also served to prevent oxidation of the ferrous ion formed. The solution 
was filtered before using. Other chemicals were of reagent grade. Laboratory distilled water was 


used. 


B. Extraction procedure 


All extractions were conducted at room temperature (25 C). Ten volume per cent (10 v/o) 
tri-n-octylamine in xylene was stirred with equal volumes of nitric acid solution of the desired com- 
position for 3-5 min. Phase equilibrium was reached in about | min in all cases tested. Phases were 


separated by centrifugation after contacting. Suitable aliquots were taken for analyses. 


C. Source and analyses of the actinide elements 

1. Thorium. Thorium-234 tracer for these experiments was separated from a nitric acid solution 
of the actinide elements by an ion exchange procedure. Radiochemical purity was established by 
y-Spectrum analysis; however, an unknown quantity of other thorium isotopes was thought to be 
present. As in the case of all the isotopes used here, active impurities were below detection of the 
instruments used, i.e. less than one per cent 

No oxidation state adjustment was required to obtain thorium(1V). Thorium was determined 
by y-counting in a scintillation well counter. Sufficient time was allowed to elapse between the 
separation of phases and counting for secular equilibrium to be established with protactinium-234, 

2. Protactinium. Daughter protactinium-233 was separated from a nitric acid stock solution of 
neptunium-237 by anion exchange. Measurement of purity and counting of this isotope were by the 
same techniques as for thorium-234. No valence adjustment was needed to maintain protactinium(V). 
3. Uranium. Uranium( V1) was obtained as uranyl! nitrate hexahydrate. Solutions of the proper 
concentrations were prepared and contacted in the usual manner Uranium( VI) analyses were 
conducted in several ways; Jones reductor-ceric sulphate titration, X-ray photometer and fluoro- 


metric methods. Uranium tracer as uranium-233 was used in some experiments. The uranium-233 


tracer was obtained as uranyl nitrate in a nitric acid solution. An z-energy inalysis indicated that 
the tracer was at least 99 per cent uranium-233. Uranium-233 was counted by direct mounting 

Uranium(1V) nitrate solutions were prepared by the metathesis of uranium(1V) fluoride with hot 
6M sodium hydroxide. The hydrous uranium(lV) oxide was washed several times with 0-1 M 
sodium hydroxide. The hydrous oxide was dissolved in cool nitric acid containing 0-1 M urea to give 
green solutions of uranium(1V). The urea was added as a suppressor for the nitrite ion catalysed 
reaction between nitrate ion and uranium(IV) ion, Uranium(lV) ion was measured by adding an 


aliquot of the solution of interest to a measured excess of standard ceric ion. The excess ceric ion was 


titrated with standard ferrous ion using ferroin as an indicator. In these experiments, both total 
uranium and uranium(IV) were measured in the aqueous phase. Only total uranium was measured 
directly in the organic phase. An indirect measurement of uranium(IV) in the organic phase was 
made by Stripping the organic phase with 1-0 M hvdrofluoric acid solution and measuring the 
uranium(IV) in the resulting aqueous phase or strip solution 

4. Neptunium. Neptunium-239 tracer was prepared by tributyl phosphate extraction of neptu- 
nium(IV) from nitric acid solutions of freshly irradiated uranium-238. Radiochemical purity of the 
tracer was established by +-spectrum analysis. Neptunium-237 was purified by anion exchange and 
its purity was measured by «-energy analysis 

Neptunium(IV) distributions were done in the presence of ferrous sulphamate as a holding re- 
ductant, and neptunium(V]) distributions in the presence of sodium bromate as a holding oxidant. 
Neptunium(V) tracer was prepared by allowing neptunium(IV) to be oxidized ten days by 2 M nitric 
acid or by oxidizing to neptunium( VI) with permanganate and reduction to neptunium(V) with 
nitrous acid. Neptunium(V) distributions were made without holding oxidant or reductant. 

Neptunium-237 was counted by direct plating. Analyses of neptunium-239 solutions were done 
by 7’-counting in a scintillation well counter 
C. J. Roppen, Analytical Chemistry of the Manhattan Project, NNES, Plutonium Project Record, Vol. 8, 
p. 1 McGraw-Hill, New York (1950) 


10 


Vol, 
12 


4 959 


Fy 


The extraction of actinide elements from nitric acid solutions by tri-n-octylamine 329 


5. Plutonium. Plutonium was obtained in a nitric acid solution Suitably sized aliquots of this 
solution were mixed with a nitric acid solution of the desired concentration In some cases, where 
the plutonium extraction coefficients were large, the extraction coefficient was determined by back 
extracting the plutonium from the organic phase into a fresh aqueous phase. In this manner, non- 
extractable x-active elements, such as americium, did not interefere with the measured extraction 
coeflicient. 

Plutonium( V1) was prepared by oxidizing plutonium(IV) with 0-01 M ceric nitrate During 
extraction, 0-05 M sodium bromate was used as the holding oxidant. Plutonium(IV) was kept in 
the four state by the use of 0-03-0-05 M sodium nitrite. Plutonium(III was maintained with 0-05 M 
ferrous sulphamate and 0-01 M sulphamic acid was used as a nitrite ion suppressor. This method 
apparently maintained a high plutonium(II}/(1V) because successive extractions of the | and 6 M 
nitric acid solutions corroborated the distributions ratios listed in Table 1. All plutonium analyses 
were conducted by direct mounting and «-counting 

6. Americium. Americium-241 of suitable radiochemical purity as determined by x-energy 


analysis was obtained in a nitric acid solution. Analyses were conducted by z-counting 


RESULTS AND DISCUSSION 
The results of extraction experiments in which the distribution ratios into 10 v/o 
TOA-xylene were measured as a function of nitric acid concentration are presented 
in Table 1. The acid dependence of D* shows the same general features in most cases. 


TABLE | DISTRIBUTION RATIOS FOR EXTRACTION OF ACTINIDES FROM NITRIC ACID 
WITH 10 V/O 


PatV) UdvV) UCVD Npdy) Npryv) PudlV) PufVID Am(UID 
10 024 0-20 02 36 20 0-006 140 09 
0-48 06-1 0-40 45 os 0-03? 210 17 63 
0-38 069 67 0-038 210 44 
40 O38 099 66 15 007 240 +8 4s 
0s2 oo 47 0-064 190 
60 0-66 os7 1-17 Ss 2 53 0-09? 20 49 45 
0-65 1-2 0-09" 100 
047 oO 7s 48 46 0-062 so 25 
90 044 oss 28 1 
0-45 14 2? 42 10 
140 0-40 

1” 0-26 4 1-7 14 
i140 


* From Table 2 


There is a general rise in D with increase of acid concentration, a maximum at about 
six molar acid, and a decrease in D to the highest concentrations measured. Distribu- 
tion ratio for the oxidation states studied vary over a range of six orders of 
magnitude. 

[he species formed upon equilibration of an amine solution with nitric acid is 
thought to be Octyl,NH*NO,~. Equilibrium of this salt with metal ion solution then 
extracts a metal anion which replaces the nitrate ion. The resulting ion pair must be 
uncharged so that the number of amine cations required equals the negative charge of 
the metal anion. The slope of a log-log plot of D vs. TOA concentration is a measure 
of the amine-to-anion ratio and, hence, of the anion charge. It should be noted that 
this is the extracted anion species and is not necessarily the same anion which pre- 
dominates in the aqueous phase. Distribution ratios for the extraction of the actinide 


* Distribution ratio D is the ratio of concentration in the organic phase to concentration in the aqueous 


phase 
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DISTRIBUTION RATIOS FOR EXTRACTION OF ACTINIDES FROM 4 M NITRIC ACID 
AS A FUNCTION OF AMINE CONCENTRATION 


PalV)* PatV) UCVD Npdv)*t Npdv) Npcvb PudID PullV)* PulVD 


000010 0 00026 0-0094 

18? 4 0- 00055 1 
0-041 Of § O 187 000028 

0-168 0-039 ( 0 0-0027 


0-66 7 Oo 


0-025 


HNO. s 


Avera ( rac n results and natural uranium extraction results determined by ray photometry and fluorimetry 


elements as a function of TOA concentration are given in Table 2. Slopes of log-log 
plots of these data have been determined and are discussed below. 


A. Tetrapositive oxidation states 


The results for the tetrapositive oxidation states are plotted in Fig. | and 2. 
Neptunium(IV) and plutonium(IV) are the most readily extractable of all the oxidation 


é 8 


r fa 
centrat 


Fic. 1.—The extraction of the quadravalent actinide nitrates by 10 v/o TOA in xylene 


States studied. Thorium(IV) and uranium(IV) are much less extractable. This 
behaviour is parallel to a great extent to the extraction of these elements by tributy| 
phosphate (TBP). The distribution ratios into the amine are, however, about an order 
of magnitude above those obtained with 19 v/o TBP in a similar environment."'.!” 


G. B. Best et al., J. Inorg. Nu Chem. 4, 315 (1958) 
**' KK. Atcock et al., J. Inorg. Nucl. Chem. 6, 328 (1958). 
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The high extractability of neptunium(IV) and plutonium(IV) is thought to be related 
to their tendency to form anionic complexes. 

Log D vs. log (v/o TOA) plots are shown in Fig. 2 for tetrapositive thorium, 
neptunium and plutonium. The resulting curves have slopes very nearly two at the 
lower amine concentrations. This indicates that the metal ion extracts with two amine 
cations. The data are, therefore, consistent with those expected of an extracted 
hexanitrato anion. 


Thorwm (IV) 
Neptunmmum (TZ) 


Plutomum 


re) 


Distribution Ratio 


re) 


| 
' 
x 


io? 
10 
V/o TOA in Xylene 


The extraction of thorium(IV) and neptunium(IV) nitrates from 4M _ nitric acid 
and of plutonium(IV) from 2 M nitric acid 


The distribution ratio for uranium(IV) was measured only at two molar nitric 
acid. Higher acid concentrations were not used because of the increasing difficulty 
in preventing the oxidation of uranium(1V) to uranium(V1) by the nitric acid. In 
two molar nitric acid, the distribution ratio for uranium(IV) lies between 0-6 and 1-0. 
Table 3 lists the data from which these distribution ratios were obtained. The D 
value, 0-6, was obtained by dividing the concentration of uranium(IV) found in the 
strip solution by the concentration of uranium(IV) found in the extracted aqueous 
solution. This value represents the lower limit of the distribution ratio. The upper 
limit, 1-0, of the distribution ratio was obtained by difference. The difference in 
uranium(IV) concentration between the initial aqueous solution and the extracted 
aqueous solution represents the maximum amount of uranium(IV) ion that could have 
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TABLE 3.—EXTRACTION OF U(IV) BY TRI-N-OCTYLAMINE 
Aqueous: 2 M HNO,, 0-1 M urea 
Organic: 10 v/o TOA-xylene 
Aqueous strip: | M HE 
Equal volumes of phases used throughout. 


Concentration, Distribution ratio 
Solution 
UV) total UV) U total 


Initial aqueous 
Extracted aqueous 
Organic 

Aqueous strip 
Stripped organic 


extracted. This value, 1-3 g/l., was divided by the amount of uranium(IV) remaining, 
1-3 g/l., to give the upper limit of D. 
B. Hexapositive oxidation states 


The extraction data for uranium(V1), neptunium(V1I) and plutonium(VI) are 
plotted in Figs. 3 and 4. Distribution ratios of neptunium( V1) and plutonium( VI) are 
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Fr The extraction of the hexavalent actinide nitrates by 10 v/o TOA in xylene 


very close and are ten to one hundred times less than the D for the tetra-positive 
oxidation states of those elements. Extraction of uranium(VI) is lower still which 
permits an easy separation of neptunium(IV) and/or plutonium(IV) from uranyl 
nitrate solutions. 
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Fic. 4 The extraction of the hexavalent actinide nitrates from 4 M nitric acid 


Slopes of the log D vs. log (v/o TOA) plots in these cases are less than two but 
greater than unity. 


C. Tripositive and pentapositive oxidation states 


The extraction data obtained for protactinium(V), neptunium(V), plutonium(II1) 
and americium(II1) as a function of nitric acid concentration are plotted in Fig. 5. 
D is seen to vary in the order Pa(V) > Pu(IIl) Np( Vv) Am(III). The general 
shapes of the curves are similar to those of the tetrapositive and hexapositive oxidation 
States. 

Distribution ratios for these oxidation states, with the exception of neptunium(V), 
have been measured as a function of amine concentration and the results are plotted 
on a log-log scale in Fig. 6. The slopes of the curves for plutonium(III) and protac- 
tinium(V) are about one and one half. At the higher amine concentrations the slopes 
decrease somewhat. Americium(II]) shows a slope of unity at the concentrations at 
which measurements were made. 

Harpy e7 a/."*’ have measured D for protactinium(V) at 20°C as a function of 
nitric acid concentration at 0-1 and 0-5 M TOA in benzene and as a function of TOA 
concentration at 6 M HNO,. We have interpolated their data to 10 vio TOA and 
have plotted the results in Fig. 5 for comparison with our experimental data. Our 


*' C. J. Harpy, D. Scarcitt and J. M. Frercner, J. Inorg. Nucl. Chem. 7. 257 (1958) 
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Fic. 6.—The extraction of protactinium(V), plutonium(II1) and americium(III) 
from 4 M nitric acid. 
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data show higher distribution ratios at low acid and high acid but agreement is good at 
the intermediate acid concentrations. These authors obtain a slope of unity from a 


plot of log D vs. log amine concentration. From this they conclude that the charge on 


the protactinium anion is 1; which, of course, must be only the extracted anion. 


Our slope for the 4M HNO, solutions is about 1-5. In 2M HNO,, however, the 
slope at high amine concentrations is approximately unity. (See Table 2.) 


D. Application to separation techniques 


The high distribution ratios found for neptunium(lV) and plutonium(1V) and the 
lower distribution ratios found for the other actinide elements show that neptunium 
and plutonium can be readily separated from nitric acid solutions of the actinide 
elements. Witson'” has reported the use of the tertiary amine, trilaurylamine, as an 
extraction agent for the removal of plutonium from nitric acid solutions of irradiated 
uranium and has discussed the decontamination of plutonium from fission products. 
By proper selection of acidity and oxidation environment. it is possible to extract 
plutonium and neptunium individually or simultaneously. In the latter case ad\ antage 
may be taken of the relatively slow oxidation of neptunium(lV) to neptunium(V) 
under conditions where plutonium(IV) is stable. Such conditions are obtained in 
approximately 8 molar nitric acid with 0-10 molar sodium nitrite. It is also 
obvious from the distribution data that very good separation of neptunium fron 
plutonium is possible. The plutonium can be held in the three state while the nep- 
tunium(1V) is extracted into the organic phase. Plutonium and/or neptunium should 
be easily separated from the higher members of the actinide group, since these ele- 
ments may be expected to behave much like americium 

Such applications as the removal of daughter protactinium from neptunium-237 
and the separation of thorium from neptunium and/or plutonium also Suggest them- 


selves. 
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SOLVENT EXTRACTION OF SCANDIUM, YTTRIUM AND 
LANTHANUM BY THE MONOALKYL 
ORTHOPHOSPHORIC ACIDS 


C. G. WARREN* and J. F. SuTTLet 
University of New Mexico, * Albuquerque, New Mexico 


(Received 17 March 1959) 


Abstract—The extraction of scandium(II1), yttrium(II}) and lanthanum(II]) into an amyl alcohol 
solution containing the mono(n-alkyl) orthophosphoric acid, H,RPO,, from an aqueous HNO, 
rhe variation of the distribution of these elements with the concentration 


solution was investigated 
of both HNO, and H,RPO, indicated that the complexes, tentatively identified as Sc(HRPO,),, 
HY(HRPO,),. and HLa(HRPO,),, were extracted 

The mono(n-alky!) orthophosphoric acids were synthesized by first preparing the alkyl dichloro 
phosphate from the normal alcohol and phosphorus (V) oxychloride. This was hydrolysed to the 


corresponding H,RPO,. 


NUMEROUS papers have appeared in the current literature describing the liquid-liquid 
extraction of metal ions through complex formation with one of the organic esters of 
orthophosphoric acid. The butyl derivatives, for example, have been extensively 
studied and adapted to the separation of many metal ions by solvent extraction 
techniques.) The octyl phosphoric acids have been used in separations of the 
lanthanide and actinide elements."*-*.*) The higher alkyl phosphoric acid esters have 


been employed to extract uranium from its ore.:* 

The work reported here was restricted to various mono(n-alkyl) orthophosphoric 
acids, symbolized as H,RPO,.§ These primary esters were used to study the reaction 
occurring in the liquid-liquid extraction of scandium, yttrium and lanthanum. 

Since the lower monoalkyl phosphoric acids are not appreciably soluble in benzene 
or carbon tetrachloride in the presence of water, amyl alcohol was selected as the 
organic solvent for the extraction reagent. The solvent pair, amyl alcohol and water, 
was initially considered because the distribution coefficient of the fatty acids in this 
system was reported to increase uniformly as the size of the carbon chain increased.‘” 
Subsequently it was found that the distribution of H,RPO, in this system followed 


approximately the same relationship. 
The extraction of the metal ions was interpreted in terms of chelate formation. 


This approach was used in recognition of the functional groups of H,RPO,. Chelation 
is believed to take place with the formation of a four-membered ring. 


* Present address: Western State College, Gunnison, Colorado, U.S.A 

+ Present address: Lawrence Radiation Laboratory, Berkeley, California, U.S.A. 
* Work performed under contract with the Los Alamos Scientific Laboratory 

$ Symbols used in this paper are defined as follows: R, alkyl; Pr, n-propyl; Bu, n-butyl; Am, n-amyl; 


Hex, n-hexyl: Oct, n-octy 
1) EF. M. Scappen and N. E. BaLLovu, Analyt. Chem. 25, 1602 (1953) 
D. F. Peprparp, G. W. Mason and S. W. Moutne, J. /nore. Nucl. Chem. 5, 141 (1957). 
D. F. Pepparp, S W. Mourne and G. W. Mason, J. Jno g. Nucl. Chem. 4, 344 (1957). 
‘) D. F. Pepparp, G. W. Mason, J. L. Mater and W. J. Driscoit, J. Inorg. Nucl. Chem. 4, 334 (1957). 
D. A. Ertis, U.S.A.E.C., DOW-81 (1952) 
®) D. A. Evuts and R. H. Bates, U.S.A.E.C., DOW-131 (1955). 
R. C. ARCHIBALD, J. Amer. Chem. Soc. 54, 3178 (1932). 
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Solvent extraction of scandium, yttrium and lanthanum 


EXPERIMENTAL 


Acid distributions Typical liquid liquid extraction samples were made by adding HNO, , crystal- 
line H,RPO,, water, and amyl alcohol to a centrifuge tube. The sample was violently shaken for 5 
min at 26 ~ 2 C and then a portion of each phase taken for analysis Agitation times from | to 10 
min made no change upon the distribution of the acids 

rhe concentrations of both the HNO, and the H,RPO, were obtained experimentally from a pH 
titration using standardized NaOH solution. In a water solution both the HNO, and the first acid 
group of H,RPO, were neutralized at approximately pH 4-5, and the second acid g oup of H,.RPO, 
was neutralized at approximately pH 9-5. Amyl alcohol solutions of H,RPO, were diluted with a 
solution of 60 per cent acetone and 40 per cent water to obtain one phase. In this solution the above 
end-points were slightly displaced. The concentrations of individual acids were obtained by differences 
in the equivalents of NaOH consumed to these various end-points of the titration curve 

In practice the equilibrated concentration of HNO, and H,RPO, in each phase was calculated 
from pre-equilibrated concentrations utilizing the distribution coefficients obtained experimentally 
For example, the equilibrated concentration of HNO, in the aqueous phase, C(I x), was obtained 
by the following formulae when equal phase volumes were used 


[HNO,) Cx 
~ [HNO Cl — 2) 


where « = fraction of HNO, entering organic phase, 
C = pre-equilibrated HNO, concentration in the water phase 


It was estimated that changes in phase volumes due to the partial transfer of the phases upon equili- 
bration introduced an error of less than 2 per cent. The transfer of water into the organic phase was 
eliminated by using amy! alcohol which was previously saturated. It was not possible to use water 
saturated with amyl alcohol because of the possibility of alcoholysis of the pyrophosphate in the 
hydrolysis step as described in the next paragraph. However, the transfer of amyl alcohol into the 
aqueous phase was partially compensated by transfer of nitric acid into the organic solvent. The 
volume of the H,RPO, in the organic phase was added to the volume of amy! alcohol used and the 
concentrations adjusted accordingly. Only 2 ml of each phase was used in each sample, and the 
analytical determinations of the equilibrated system were restricted to the more concentrated solutions 
The difference between the calculated concentrations and the concentrations which were experimentally 
determinated was less than 2 per cent 

The distribution coefficients of the metal ions. A weighed amount of crystalline H,RPO, and | ml 
of water were added to a glass-stoppered centrifuge tube. The tube was tightly sealed and heated 
on a steam bath 12 hr. The change in weight for this process was checked for each sample and was 
found to be negligible. One millilitre of HNO,, 2 ml of amyl alcohol saturated with water, and 
0-005 ml of the radioactive metal ion solution were added. The centrifuge tube was violently shaken 
for 5 min in a mechanical shaker thermostated at 26 — 2°C in an air bath. The tube was centrifuged 
for 2 min, and | ml of solution was removed for trace analysis. Variation of the agitation times from 
1 to 10 min made no change in the distribution of the metal. This probably indicated that equilibrium 
conditions were obtained, and the subject was not investigated further 

The approximate concentrations of the metal ions in the aqueous phase before equilibration 
were as follows: Sc** 10-* M, Y** 10-*° M, and La** 10-° M. However, variation of the concentration 
of the metal ion over a wide range made no change in the distributions reported. The radioactive 
Sc and Y were obtained from Oak Ridge National Laboratory in a HC! solution. These were twice 
fumed to dryness with concentrated HNO, and then dissolved in 1 M HNO,. Inactive Y sO, was 
added to the carrier free solution of Y(NO,),. Lanthanum oxide which was irradiated with slow 
neutrons by the Los Alamos Scientific Laboratory was dissolved in 1 M HNO,. The radioactive 
isotopes together with their half-lives are as follows: scandium-46, 85 days; yttrium-91, 59-5 days; 
and lanthanum-140, 40 hr 

A scintillation counter was used to determine the y-activity of the yttrium and lanthanum solutions. 
A Geiger counter was used to measure the f-activity of the separated scandium oxalate precipitate 
The ratio of radioactivity per unit volume in the organic phase to that in the aqueous phase was taken 
to be the ratio of the concentrations of the metals and is defined as Ky 
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Preparation of the monoalkyl orthophosphoric acids.*' The preparation described below was 
designed to eliminate several classes of impurities in the final product. This was necessary since low 
concentrations of the metal ions were used to trace the reaction, and correspondingly small amounts 
of impurities in the reagents could possibly mask the desired reaction 

About 0-55 mole of the monoalky! dichlorophosphate, RCI,PO,, was recovered from the reaction 
of 2 moles of POCI, and | mole of the appropriate alcohol. The excess of POCI, was used to repress 
formation of the secondary and tertiary esters. The reaction mixtures were separated into their 
components by distillation at a pressure less than 0-001 atm and a temperature under 100 € An 
unpacked distilling column about 12 in. long was used in the distillation 

Each of the compounds, RCI,PO,, was hydrolysed with NaOH in the presence of BaCl, ina 
large excess of water. The product of the hydrolysis was the sparingly soluble salt, BaRPO,. About 
0-55 moles of the dry anhydrous salt was recovered from a corresponding amount of the RCI,PO, 

The H,RPO, was produced by the reaction of BaRPO, with dilute H,SO, The product was 
separated by repeated extractions of the H,RPO, with ether. The ether solution was evaporated at 


room temperature, and the product was analysed. The H,RPO, at this stage was contaminated with 


5-10 per cent of the corresponding dialkyl pyrophosphoric acid, H,R,P,O;. This was hydrolysed to 
the ortho form by treatment with water at 95 C for 12 hr. Dehydration of the H,RPO, with silica 
gel at room temperature over a period of weeks gave a very viscous product. This material was 
crystallized by using liquid nitrogen as a coolant. The melting points and analyses of the crystalline 


acids are given in Table | 


TABLE | MELTING POINTS AND ANALYSES OF THE MONOALKYL ORTHOPHOSPHORIC ACIDS 


Observed phosphorus Calculated phosphorus , 


content ( ) content ) 


H,PrPoO, 22-11 
H.BuPO, 20-11 
H,AmPO, 18-44 
H.,HexPO, 
H,OctPO, 


The H,R,P,O,; content was determined from pH titrations. Both acid groups of H,R,P,O,; and 
the first acid group of H,RPO, were neutralized at approximately pH 4:5. The second acid group 
of H.RPO, was neutralized at approximately pH 9-5. This, however, did not uniquely identify the 
H.R.P.O, since other acids such as HR,PO, have titration curves which are similar to the pyro 
derivative. The H,R,P,O; was hydrolysed to the corresponding H.RPO, by an excess of water at 
95 C in 12 hr. It was also possible to regenerate 5-10 per cent H,R,P,O, by heating the H,RPO, in 
an open vessel for 12 hr 

The reaction between the metal ions; Sc**, Y** and La**; and a mixture containing H,R,P,O, 
and H,RPO, was studied by the same procedure used for the purified H,RPO,. Unreported data 
indicated that the H,R,P,O; was a more powerful complexing reagent than the H,RPO,. It appeared 
that different reactions were involved in the extraction of Sc**, Y** and La** for these two classes of 
acids 

Sources of reagents. In general analytical grade chemicals were used in this work. The reagents 
used to prepare the H,RPO, were Eastman technical-grade butyl alcohol, amyl alcohol, and octyl 
alcohol; Eastman practical-grade hexyl alcohol; and Baker and Adamson reagent-grade POCI,. 
Eastman technical-grade amy! alcohol was used as the carrier solvent and was purified by distillation 
from a solution containing NaOC,H,,. Scandium-46 and yttrium-91 were obtained from the Oak 
Ridge National Laboratory. Spectroscopically pure La,O, from Lindsay Light and Chemical 


Company was irradiated with slow neutrons by the Los Alamos Scientific Laboratory to produce 


lanthanum-140 


8) G. M. Koso.aporr, Organophosphorus Compounds p. 180. John Wiley, New York (1950). 
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Solvent extraction of scandium, yttrium and lanthanum 


RESULTS AND DISCUSSION 

A plot of the experimentally determined distribution coefficient, Ky, for the metal 
ions versus the concentration of H,RPO, in the amyl alcohol phase is given by 
Figs. 1-6. The concentration of HNO, refers to the aqueous phase. 

The data were interpreted by the principles outlined by MARTELL and Cavin.“ 
The method depends upon the formation of a neutral non-ionized extractable chelate 
complex by the metal ion with an acid which is dissolved in the organic phase. The 
over-all reaction of the extraction is given in equation (1). 


+ pH,RPO,,,, = H, ;M(HRPO,),,.. + 3H, (1) 


(aq) ag) 

Variation of the activity of any species will shift the activities of the other components 
according to the equilibrium constant principle. However, activities were not known, 
so concentrations were used in processing the data. The equations pertinent to this 
method are given below. Equation (2) defines the stability constants. The coefficient 
of the hydrogen ion in the over-all reaction must be three in order to obtain a balanced 
equation; however, / was substituted for this value in the following equations, and 
the coefficient was determined experimentally. 

[M**Jiaq) 


Equation (3) defines the relation of the slope of the appropriate log-log plots in terms 
of the coefficients of the over-all reaction. 


Keng 2 
“TH, RPO,)? 4) 


0) 


log Ky log Ky 
and 
é log (H,RPO,] log 


(3) 


where [H*] is constant where [H,RPO,] is constant 


The dependencies of the distribution coefficient indicated by the reported data are 
given in Table 2. 


TABLE 2.—COEFFICIENTS IN THE OVER-ALL REACTION 


Compound Scandium Yttrium Lanthanum 
h 


H,BuPO, 2 35 3-2 
H,AmPO, 2 2 40 
H,HexPO, 3: 2-6 3-6 
H,OctPO, 


The slopes of the lines, p, in Figs. 1-6 were determined by the method of least 
squares using the raw data. The value given in Table 2 is the average of the Slopes at 
the two acid concentrations reported. The hydrogen ion coefficient, 4, was determined 
from the data by means of the following variables: the av erage value of p reported in 
Table 2, the difference of the intercepts on the log [H,RPO,] axis at the two acid 
concentrations, and the difference in log [H*]. 


‘* A. E. Marrect and M. Carvin, Chemistry of the Metal Chelate Compounds p. 451. Prentice Hall, 
New York (1952). 
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Fic. 4.—Variation of log Ky with log M 


Variation of log Ky with log M 
H,RPO, at 0-143 M HNO,, 


H,RPO, at 0274 M HNO, 
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Solvent extraction of scandium, yttrium and lanthanum 


15 


logM HRPO, 


Fic. 5.—Variation of log KLa with log M FiG. 6.—Variation of log ALa with log M 
H,RPO, at 0-274 M NHO, H,RPO, at 0-143 M HNO, 


The coefficients of the reaction of the metal ions and H,BuPO, do not correspond 
to any simple mechanism. The assumption that the concentration of the complexed 
metal ions in water is small compared to the concentration of the non-complexed 
metal ions in the water probably is not valid, and the simplified treatment implied by 
the over-all reaction cannot be used for this derivative. 


The coefficients obtained for the amyl, hexyl, and octyl phosphoric acids suggest 
that the following reactions probably occur in the extraction process: 


3H,RPO, — Sc(HRPO,), 
4H,RPO, — HY(HRPO,), 
La’; + 4H,RPO, = HLa(HRPO,), 


(aq) 


The stability constant equations corresponding to the reactions were evaluated for 
each metal ion using the average coefficients in Table 2 for the amyl, hexyl, and octyl 
derivatives. 
[H*F* 
oo, ky Ky 
[H,RPO,F [H,RPO,] 
(HRPO,} 

Each stability constant in Table 3 was obtained from an average of eight indepen- 


dent determinations of log ky. The average deviation of the single determinations 
from the values of Table 3 was about 0-05. 
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The concentration of H,RPO, required to extract 50 per cent of the metal is a 
convenient indication of the ability of H,RPO, to effect separations.’ The greater 
the space between the concentrations the better the separation which may be achieved. 


A graphical representation of this information is given in Fig. 7. 
Taste 3.—STABILITY CONSTANTS FOR THE EXTRACTION OF THE Group IIIA IONS 


sy H,RPO, 


Compound 
Yttrium anthanum 


H,.AmPO, 
H,HexPO, 


H,OctPO, 


Vol, 
12 


4 959/¢ 


4 5 6 ? 6 
Number of carbon ctoms in H RPO 
Variation of log M H,RPO, with the size of the alky! group at 0-274 M HNO, and 
50 per cent extraction. 
CONCLUSIONS 
Limiting values for the stability constant of the extraction reaction between H,RPO, 
and the metal ions are probably reached with the n-amyl derivative. Larger n-alkyl 
groups apparently have no significant effect on this constant. 
The H,RPO, could be used to effectively separate scandium and yttrium. How- 
ever, these compounds do not appear to be applicable to the separation of yttrium 
and lanthanum. The length of the carbon chain does not appear to affect the ability 


of the reagents to separate these elements. 
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The dialysis of polysulphide solutions 


(Received 20 March 1959: in re rised form 6 J 1YSY¥) 


THe dialysis ysulphides has been studied or SPRING anc {ARTEAI 
decomposit 
CAISIS 
at that t 
On the 


decompose 


solution, the « decomposition took place. It 


ratio S S 


In order to eXamuine this problem, two Samples of sod: 
prepared the ratio § S*~ was deter 


was subjected to dialysis. During d 


S S established. With the other solutio 
results are summarized in Table | 
TABLE 


Ratio § sulphur S 


Solution | 


H.BO, K¢ 


H.S, (HCN) 


oxidized to sulphuric 
titrated with 


acid and t 
sodium hydroxide 


lescribed earlier The method is shown by the scheme 


° The analyses were carried out is Uc 
") W. Spring and J. Demarrea Bu s Chim. Fr 1889) 
E. Scnurex and E. Acta Chim. Hung. 3, 111 (1953) 
‘3 Scnurek, 7. Anal. Chem. 62, 337 (1923) 
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The data of Table 1 show that with the progress of dialysis the ratio S,_,/S*~ continually rises until 
pentasulphide is formed in the solution (S, _,/S* 4), when the solution decomposes with precipi- 
tation of sulphur. 

A solution approximately corresponding to trisulphide was also prepared from sodium hydroxide 
and sulphur (sodium hydroxide was in excess), In order to examine whether the ratio S,_,/S*~ does not 
rise above 4 when dialysis is carried out in an alkaline solution. The results obtained are presented 
in Table 2 


TABLE 2 


Duration 
of dialysis Ratio of S,_,-sulphur/S*~-sulphur 
(hr) 


It can be seen that after 7 hr of dialysis the ratio S S*~ attained the value of about 5-7. However, 
on allowing the solution to stand for several hours under pentane, the solution decomposed with 
precipitation of sulphur 

In our dialysis measurements, we made use of the closed dialysis apparatus shown in Fig. 1. By 


this technique, it was possible to protect the solutions from air. Throughout the experiments, 50 ml 


Fig. 1 Glass dialvsis apparatus 


stirrer; 2—cellophane membrane; 3—pipette with ground joint, for taking out samples 
4—ground joint 
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portions of solution were transferred into the dialysis flask and pentane poured on the surface of the 
liquid in a 1-2 cm thick layer. The external vessel contained 12 |. of distilled water which was changed 


each 30 min. 
Discussion of Results 
rhe dialysis experiments too indicate that in an aqueous solution sulphide ions are capable of 


binding only four sulphur atoms. Under such conditions, the maximum to be expected is the forma- 
tion of pentasulphide. 


The regular rise of the ratio S,_,/S*~ during dialysis can be interpreted as follows. In the reaction 


sulphur-sulphide, as a first step, the sulphur ring or sulphur chain is split by sulphide ions. Subse- 
quently, sulphide ions form pentasulphide with four sulphur atoms.* Consequently, when a quantity 
of sulphur sufficient only for the formation of trisulphide is added to s ilphide, unreacted sulphide 
will remain in the solution, although the mean value of the ratio S$ S*~ will be equal to 2; it is 
impossible to make any distinction between “two types” of sulphide 

In the course of dialysis, S*~ of smaller ionic weight will diffuse more quickly. Thus, the content of 
S,*~ of the solution in the dialysis vessel will rise until units of S vill remain almost exclusively. 
rhe decomposition of $ is due to the decrease of pH caused by the diminished concentration of 
sulphide ion. This appears probable also in the case of trisulphide solutions prepared with excess 
alkali, although polysulphides apparently higher than S form as intermediates. It appears most 
probable that these solutions of polysulphide had already decomposed and the colloidal sulphur, as 
decomposition product, was measured by us together with intact polysulphide, since the method of 
SCHULEK measures all sulphur of zero oxidation number.'* 

It can also be presumed, however, that actually $,?> ions exist in the trisulphide solution and these 
hydrolyse according to the equation 


2S," H.O HS OH (1) 
general 


2S,*- + H,O S HS- + OH- + S: (2) 


This hydrolysis is promoted by the higher diffusion rate of HS~ and OH™ ions. ¢ onsequently, the 
solution undergoing dialysis is enriched in S,*~ ions until these latter decompose, due to the de- 
creasing pH 

rhe results obtained point out that the existence of a constant dynamical equilibrium could be 
considered in polysulphide solutions and it must be presumed that polys ilphides of various x-values 
may convert into each other, owing to hydrolysis. 

E. SCHULEK 

Institute of Inorganic and Analytical Chemistr) E. Kors 
L. Eétvds University L. Maros 
Budapest 


* In our opinion the pentasulphide formed has a ring structure of extreme lability 


S 


This assumption however must be supported by further investigations 


In our opinion, the reaction described by equation (2) can be considere the first step of the process 
H,O —»S,0,7~ + H,S (4) 


suggested earlier for the hydrolysis of polysulphides The further hydrolysis of the formed higher poly 
sulphides takes place to an appreciable extent only at higher temperat 


E. Scnurex, 7. Anal. Chem. 68, 352 (1924/25) 
E. E. KOrdés and L. Maros, Acta Chim. Hung. 10, 291 (1956). 
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The separation and estimation of nitro and non-nitro (nitrato) complexes 
of nitrosylruthenium in nitric acid solution by paper chromatography 


(Received 31 July 1959) 


IN the study of the nitrato complexes of nitrosylruthenium, '"’ it was found that paperchromatography, 
employing a relatively fast-moving eluting solvent, could be used to give approximate estimates of 
the compositions of solutions of these complexes in nitric acid. Methyl isopropyl ketone was found 
to be a suitable eluting solvent.'*) In subsequent work, the results of which have been reported,'* 
refinement of the experimental technique has improved both the resolution and the reproducibility 
of the chromatograms 

rhe study of nitrosylruthenium nitrato complexes in nitric acid solution is important because 
they occur in process solutions which arise from the dissolution of irradiated uranium in nitric acid. 
Such solutions'*’ also contain nitro complexes of nitrosylruthenium 

The isolation and study of these two classes ol nitrosylruthenium complexes, viz. those with nitro 
groups and those without nitro groups, has shown that they possess widely differing properties in 
processes such as solvent extraction, oxidation and precipitation. ” A method that would permit 
their separate estimation in solutions of irradiated material (i.e. in the presence of other fission 
products) is desirable. This has been achieved by employing eluting solvents towards which the 
two classes of complexes behave in a substantially different manner. Separate aliquots of the solution 
unde 


dibuty! cellosolve (DBC) are the eluting solvents. Brief reference was made to this method in a 


test are examined by paper chromatography in which methyl isopropyl ketone (MIPK) and 


paper to the Geneva Conference of 1958. 

While MIPK has been successfully used to resolve the (RuNO) nitrato (non-nitro) complexes pre- 
in certain solvent solutions,''’ differences in behaviour between these and the (RuNO) nitro 
h in MIPK and in DBC elution, are less pronounced when they are present in a TBP 


sent 
compiecxes ol 


phase and the method described has not yet been suitably modified to apply to organic phases. 


Choice of Eluting Solvent 


It has been known for some time that the triple-ether, dibutyl carbitol ( butex), will extract (RuNO) 
mp! s, but, with this solvent, selectivity is poor'*’ and there ts only partial separation of the two 
classes of complexes; also, because of the viscosity of this solvent, the time of elution is long On 
the other hand, with the mono-ether, dibutyl ether, extraction of both classes of complexes is low, 
and there is littke movement of ruthenium beyond the applied spot. The di-ether, dibutyl! cellosolve, 
therefore tested and found to be satisfactory in that while the (RuNO) nitro complexes remained 


Was u 
on the applied spot, the higher nitrato complexes (with NO Ru 3 : 1) were selectively eluted with 
R, alues between 0-2 and 0-6 

Methyl isopropyl ketone was known, from previous work,’ to be suitable for the resolution of 


the individual (RuNO) nitrato (non-nitro) complexes. Other solvents that were tried and rejected 


on the grounds of either poor resolution or non-selectivity between the nitro and non-nitro com- 


plexes, were methyl ethyl ketone, methyl isobutyl ketone (hexone), cyclohexanone, diethyl carbitol, 


liethy! cellosolve, 20 per cent butex in dibutyl cellosolve, and tributyl phosphate ( TBP) diluted with 


aie 


odourless kerosene, carbon tetrachloride or xylene 


1) PG. M. Brown, J. M. Frercuer and A. G. Warn, U.K.A.EA. Document, A.E.R.E. C/R 2260 (1957) 
4. G. Warn, P. G. M. Brown and J. M. Frercuer, Chem. & Ind. 18 (1957) 
J. M. Frercuer, P. G. M. Brown, E. R. Garpner, C. J. Harpy, A. G. Warn and J. L. Woopueap, 
J. Inorg. Nucl. Chem. 12, 154 (1959) 

ytor. U.K.A.E.A. Document, IGR-TN/W-1042 (1959) 

Fietcuer, I. L. Jenkins, F. M. Lever, F. S. Martin, A. R. Powett and R. Topp. J. Inorg. Nucl 
Chem. 1, 378 (1955) 

* P.G. M. Brown, Nitro complexes of nitrosylruthenium. J. Inorg. Nucl. Chem. In press (1960) 
P.G. M. Brown, J. M. Frercuer, C. J. Harpy, J. Kennepy, D. Scaraitt, A. G. Warn and J. L. Woop- 

Proceedines of the Second International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1958, Vol. 17, p. 118. United Nations, New York (1959) 

*)G. W. C. Mitner and L. Satmon, U.K.A.E.A. Document, A.E.R.E. C/M 119 (1951). 
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Experimental 


The recommended experimental method, which is described in detail in earlier papers,'*»*’ is 
summarized here. Of the solution under test, which should be aged at least 2 hr, 0-001 ml is applied 
to the bottom section (section 1) of a previously dried Whatman No. 41 (ty pe CRL/!) paper strip 
that has been marked in 17 }cm sections. The whole is immediately placed in a closed 600 ml 
beaker containing | cm depth of the solvent, and the chromatogram is formed by upward elution in 
an atmosphere of the solvent. The times of elution to the top of the strip at room temperature are 
about 13 and 27 min respectively for MIPK and DBC After drying, the paper strip is cut into the 
17 sections and each one is § or » counted for '**Ru: a histogram representing the distribution of 
ruthenium along the paper Strip is constructed from these results 

Small points of technique that affect the resolution of the individual! complexes on the chromato- 
gram are summarized below. For the best results: (a) the volume of liquid applied to the paper 


should not exceed 0-005 ml (see Fig. 1 and Ref. 1, Fig. 1), and this should be applied in the form of 


STARTING LINE 


LINE 


SOLVENT FRONT 


| 
>0 


cm FROM STARTING LINE 


Fic. 1.—-Paper chromatograms for (RuNO) nitrato (non-nitrato) complexes at equilibrium 
in 3 M HNO, containing 1:25 M UO,(NO,), 


a band rather than a spot; (b) the applied liquid should not be allowed to dry before running the 
chromatogram; (c) liquids of high nitric acid concentration should be diluted to 3 M HNO, immedi- 
ately before application to the paper, to prevent attack on the solvent or the paper by nitric acid; 
(d) the paper should be dried before use; (e) the solvent should be pre-equilibrated with 3 M HNO, 
free from dissolved oxides of nitrogen, and should not be allowed to stand more than 30 min before 
running the chromatogram; (f) DBC should be centrifuged after equilibration with 3 M HNO,, but 
this is not so important with MIPK; (g) before inserting the paper strip, the solvent should be left 
for at least 15 min in the closed beaker to allow the solvent to saturate the atmosphere above its 
surface: (h) the time of elution should be short, hence the use of Whatman No. 41 paper; (i) the 


chromatogram should be dried immediately after elution has finished 


Results 


rhe characteristic chromatograms given by the two classes of (RuNO) complex have been given 
in earlier papers.*:*’ Table | gives R ,, values for individual complexes with MIPK and DBC elution 
Figs. 2, 3 and 4 of Ref. 3 illustrate respectively typical chromatograms obtained with solutions of the 
nitrato (non-nitro) complexes in 3 M, 7-8 M and 14-5 M HNO, both with MIPK and DBC elution 
Figs. 5 and 6 of Ref. 6 illustrate MIPK elution of typical solutions of (RuNO) nitro c ymplexes in 
3M HNO,: in DBC elution the nitro complexes do not move beyond section 2 of the chromatogram 

These characteristic chromatograms are affected slightly by the presence of uranium in the solution; 
with MIPK elution, the presence of U at the solvent front causes the R ,, values for the higher nitrato 
(Fig. 1 and Ref. 1, Fig. 7) and dinitro complexes to drop by about 10 per cent; with DBC elution 
the effect is negligible. 
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TABLE 1.—-THE BEHAVIOUR OF (RUNO) COMPLEXES IN PAPER CHROMATOGRAPHY 


R;, value with MIPK elution 
R,, value with DBC 


(RuNO) Complex 
HNO, 


retra- and penta- 0-9-1-0 
nitrato 
Trinitrato 0:4-0-9 
Dinitrato 
Mononitrato 0-1 
Dinitro 1-0 
NO, : Ru 
NO, : Ru 3 0-2 


TABLE 2 THE PERCENTAGE OF RUTHENIUM 


Total nitrate concentration 
(M) 
Ru as tetra- and penta- 


nitrato complexes (z) 


elution 
HNO, + 300 


0-85-09 


0-4-0°85 

0-1 

~0-45 


PRESENT AS HIGHER NITRATO COMPLEXES OF 
RUTHENIUM AT EQUILIBRIUM IN NITRIC ACID—NITRATE SYSTEMS 


TABLE 3 THE USE OF PAPER CHROMATOG 


SYNTHETIC SOLUTIONS CONTAINING (RuNO) NITRATO AND NITRO COMPLEXES IN NITRIC ACID 


RAPHY TO DETERMINE THE COMPOSITIONS OF 


Synthetic solution 
(RuNO) higher 


nitrato 
dinitro (x) 


Separate species 

3M HNO, nitrato 
3M HNO, ~ nitro 
3M HNO, 
UO.ANO;), + nitrato 


Mixed species 
2M HNO, 
3M HNO, 
3M HNO, 


Ruthenium as 


(RuNO) (RuNO) Higher nitrato 
higher dinitro in non-nitro 
nitrato(y) (x y) system (z)* 


* Interpolated from values in Table 2. 


+ Solutions containing only nitro complexes do not contain 100 per cent as the dinitro complex (usually 


~50 per cent) 
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0-2-0-7 
0-15 
0-2 

i 2 3 4 5 6 7 8 9 10 
yA 

100 
7-7 7°5 94 

A 43-7 0 43-7 43-7+ 

27-0 24:1 25 97 

15-0 35 11-5 4 99 

19-0 7:3 11-7 8 103 

1-25 M 

42:3 16-2 26-1 25 91 
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In solutions ~3 M in HNO,, 
| of the chromatogram. Zr and Nb, being both solvent-extractable and + emitters, might be expected 
to interfere with these determinations, but do not move beyond section 2 with DBC elution: with 


most of the fission products other than ruthenium remain on section 


MIPK they can appear with R , values as great as 0-6, but they do not contaminate the ruthenium 
on the solvent front. 

Ruthenium present in valency states other than (RuNO) III, Ru Ill and Ru IV, does not 
move beyond section 2 with either MIPK or DBC elution 


Method 


A combination of MIPK and DBC elution makes possible the following method for the separate 
estimation of the (RuNO) nitro and nitrato (non-nitro) complexes in mixtures of the two classes of 


complexes in nitric acid solution 
Let x per cent Ru in MIPK elution with R, 0-9. 
Let y = per cent Ru in DBC elution with R,,. > 0-15 
Then x ) per cent Ru ps as the (RuNO) dinitro complex 


Let z = per cent Ru present as higher nitrato complexes (NO, : Ru 3:1) for a non-nitro 


system in the aqueous conditions that apply (see Table 2) 


On the assumption that the (RuNO) dinitro complex is the only species not in equilibrium with 


the nitrato complexes, 


100 y/z per cent Ru present as (RuNO) nitrato (non-nitro) complexes, and x ' 100 y/z 
should equal 100. Table 3 gives results for Separate and mixed classes of complexes 
This method is applicable to the analysis of aqueous process solutions from chemical separation 


plants, designed to separate plutonium and fission products from irradiated uranium by solvent 


extraction in nitric acid systems, and has been successfully used by Naytor"’ at Windscale 


Atomic Energy Research Establishment A. G. WalIn 
Harwell, Didcot, Berks P. G. M. Brown 
J. M. FLeTcHer 


Molybdic acid and its organic complexes—III 


Some studies on the acid nature molybdic oxide and its solubility in 
polyhydroxy alcohols 


(Received 12 August 1959) 


THE 


solubility of molybdic oxide MoO, in alkali and mineral acids has been studied by many 


workers." It is generally agreed that dissolution of a stoicheiometric excess of molybdic oxide in 
alkalis (or normal molybdates) produces polymolybdates which may be crystallized from solution 


Solution in mineral acids, according to many authors, produces molybdeny! compounds of the type 


MoO, SO,, MoO(SO,).. Jones,'*) however, in more recent work suggests that equilibrium in solution 


is more complex and is of the form 


xMoO, 


2H* = [(MoO,\ MoO,),_,- H,O 


Much needless confusion exists in the literature concerning the solubility of molybdic oxide in pure 


water. Preliminary work in this College in connexion with another project indicated that a reasonably 


strong acid of pH 2-3 was produced readily by shaking pure crystalline anhydrous MoO, in water 
KILLEFFER and Linz,''’ however, state that MoO, dissolves only very slowly to produce a solution of 
pH 


D. H. Kiccerrer and A. Linz, Molybdenum Compounds—Their Chemistry and Technology. \nterscience, 
New York (1952) 

2) J. Bye, Thesis, Paris (1945) 

‘%) M. M. Jones, J. Amer. Chem. Soc. 76, 4233 (1954) 


ol, 
12 
9/60 


Notes 


Experimental 
AnalaR crystalline MoO, was purified by sublimation. This material contains noammonia. Most 


solubility experiments were performed at ly ¢ 


Since the time of contact extended over two weeks “Lusteroid” plastic test tubes of capacity 50 ml 
Tubes containing 250 mg MoO, and 40 ml! of fresh distilled water (or solution) were 


were used 
For experiments at higher temperatures, where the 


agitated continuously on a mechanical shaker 

period of contact was much shorter, hard glass conical flasks were used. 

All conductivity measurements were made using a Mullard Conductivity Bridge operating in the 

most sensitive range with a cell of constant 1-54. Measurements of pH were made on a Cambridge 
r using a glass calomel electrode system calibrated by buffers complying with modern 


pH met 
ion measurements were made on a Hilger Uvispek Absorptiometer using 0-5 cm 


Absorpt 
olybdenum concentrations were determined colorimetrically using gallic acid, buffered with 


liu Gallic acid forms a stable yellow-brown complex with molybdate." Full details of 
1is method by BUCHWALD and RICHARDSON"? will be published elsewhere. By using 2 ml samples of 
lyhydroxy alcohol in the analytical 


nination the concentration of poly! 


bdate determ 


tion for the moty 
e was reduced to well below the limit of interference. Checks were made pe riodically where the 


r 
ul 


molybdate concentration was determined either gravimetrically, or conductometrically against 


standard NaOH; the results were in agreement within experimental error. 


Results and Discussion 


(a) The acidic nature of aqueous solutions of molybdic oxide 


4 solution of molybdic oxide in water was prepared by boiling | g of MoO, in 200 ml of water for 
Aliquots of the cooled solution, clear to the naked eye, were then titrated either conducto- 
The results of these experiments are shown in 


llv or potentiometrically with 0-1 N NaOH 
Curves of similar shape were obtained on titration of a similar quantity of molybdic oxide 


Fic. 1.—Potentiometric (@) and conductometric ( x ) titration of 20 ml boiled MoO, solution 


vith sodium hydroxide 


*) H. BucHWALpb and E. RicHarpson, Chem. & Ind. 753 (1959) 


3 350 
4 qual 
4 
mew 
4 Fig. | 
Vol, 
q - | 1959/6) 
4 
9} / 4¢ 
4 / 
/ 3 
g 
| 
/ 4 
mi NoOH 


Notes 351 


solution (of an almost identical molybdate concentration) prepared by agitating 0-25 g of molybdic 
oxide with 40 ml of distilled water for two weeks at room temperature. 1 pH of the molybdic oxide 
solutions prepared by boiling and by agitating at room temperature were 2°48 and 2-54 respectively 
Presumably, therefore, values of 4-5 quoted in the literature''’ were obt: d by dissolution of impure 


Fig. 2 Effect of sodium chloride on the solubility of MoO,. Pot metric titration o 


20 ml MoO, solution prepared by boilin ith Ol M NaCl ‘ ater ) and 


in 


water then made 0-1 M w.r.t. NaCl by addition of solid is) \ 20 mia iquots 


MoO, containing ammonia or other alkali which produced a buffering effe From these results it 


can clearly be seen that molybdic oxide in dilute solution behaves as a fairly strong acid. For com- 


parison | g of molybdic oxide was boiled for 1 hr with (a) distilled water (b) 0-1 M sodium chloride 


rhe results obtained on potentiometric titration with 0-1 N NaOH of 20 samples of these centri- 
fuged solutions are shown in Fig. 2. Addition of sodium chloride increases the solubility the 


molybdic oxide but the general shape of the titration curve is unaltered 1 although the pH of the 


solution is low the sodium chloride does not induce the formation of n bdenyl compounds. This 
1s confirmed by studies of the U.\ absorption spectra (I ig. 3). The spectr of the saline solution is 
essentially similar to that of the aqueous solution 

Molybdic oxide solution prepared either by boiling or in the cold produced a glass ex! ibiting 
conchoidal fracture on evaporation at room temperature 

KILLEFFER and LINZ " state that molybdic oxide dissolves to a s nt 
water Preliminary work, however, showed that an acid solution 
shaking MoO, with water. Since the solution produced is a fairly str 
dilute, the rate of dissolution may easily be followed by noting the var 
of a continuously agitated suspension of MoO, in water. The conduc ce of this suspensior 
found to vary almost linearly with time during the initial dissolution per nd after 140 n 


irison with 8-25 10° for a fully saturated solution unde 


10°, in comps 
same conditions Samples from this solution titrated conductometrically or potentiometrically with 


NaOH gave breaks at the same Na : Mo ratios as in Fig. 1. Thus it vident that when MoO, 


dissolves in water interaction with the solvent occurs either directly or wit i Short period. More- 


conductance was 2 


over, when a clear saturated solution of MoO, is prepared by boiling, no precipitation of solid or even 
turbidity occurs on cooling 


| 
| 
| | 
8} | 
| 
KS. 
4 
/ 
| | | | 
j 
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Notes 


It seems reasonable to suppose that molybdic oxide is in fact an anhydride of some molybdic acid 


the literature. The general shape of the 


but that this is not the monohydrate or dihydrate discussed tn t 


conauctl 


ity and pH curves and the particular value of these quantities at a given concentration, 


Optical density 


Absorption spectra of MoO, solution containing various compounds. 1—NaCl (as 


(as Fig. 4); 3-—erythritol (as Fig aqueous and glycerol solution 


boiled MoO, solution (as Fig. 1); and 6—glucose (as Fig. 4) 


with the fact that both materials yield the same product on evaporation at room temperature, 
1at molybdic oxide solution is similar in most characteristics to molybdic acid prepared by 


ion exchange and described in a previous paper in this series 


effect of polyhydroxy compounds on the solubility of MoO, 


It is generally agreed that polyhydroxy compounds increase the solubility of molybdic oxide, but 


much of the information presented in the literature was obtained by gravimetric studies on MoO, 


often of doubtful purity The development of colorimetric methods for the determination of 


I 


molybdenum in solution has considerably facilitated solubility studies 


rhe effect of several polyhydroxy alcohols on the solubility of MoO, is shown in Fig. 4. Similar 


vere obtained on plottin; her pH or conductance against time. Mannitol, which is known to 


2Mo0,:C,H,,O, comp! with molybdic acid, has the greatest effect on both the rate of 
i 


of MoO 1¢ equilibrium concentration of molybdic acid formed. Glycerol, which 
does not complex with molybdic acid affects neither the rate of solution nor the equilibrium 
V rhe enhanced solubility is pres imably due to complex formation rather than to any 
t caused by the presence of hydroxyl groups 
formation betweer wgstic acid and « hydroxy acids involves a degradation of the poly- 
his process may be followed by studying the shift in the characteristic absorption edge 
3600 to 2700 A after addition of the organic acid. Spectra were taken therefore 
juots from the tubes shaken for 16 days, to investigate if a similar breakdown in the 
molybdic acid had occurred on complex formation with the polyhydroxy compounds (Fig. 3). No 


appreciable shift in the characteristic absorption edge was found and the slight shift observed with 


E. RicHARDSON, J. Jnorg. Nu Chem. 9, 267 (1959) 
H. Frey, Ann. Chim. 18, 1 (1943) 
RICHARDSON, J. Jnorg. Nu Chem. 9, 273 (1959). 
RICHARDSON, In press 
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Notes 


Molority (wrt MoO.) 


6 
Days 


Fic. 4.—Effect of polyhydroxy compounds on t 


glucose; water glycerol; A eryt 


mannitol and erythritol was towards the visible. A shift in this direction is normally due to aggrega- 
tion Degradation of the molybdic acid does not occur, therefore, complexing with mannitol or 
erythritol 

The mannitol and erythritol complexes produced in the solubility studies were similar in properties 


to those obtained from molybdic acid prepared by ion exchange th are strong acids, the limiting 


pH of the solutions produced by dissolution being 1-75 a: d pectively in comparison with 2-54 


for that of the aqueous solution 
RICHARDSON 


College of Further Education 
Whitehaven, Cumberland 


On the protonation of complexes 


(Received 12 August 1959) 


re complex forming agents, both anions and dipolar molecules, ¢ combine with hy 

i.e. both types of ligands can be regarded as Lewis bases. Consequently a competitio 

between the central metal ion and the protons. Thus, on acid 

or molecule the complex decomposes at an acidity determined by 

value of the acidic dissociation constant of the ligand. The studv of the effe : 1 the decom- 
position of the complexes supplies information about the stability n f the complexes, 


especially of the protonated complexes. 
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Notes 
In the following, we deal with the chelates in which the ratio of ligand to metal ion is 1 : 1. The 


decomposition of these chelates can be expressed by the following function 


[MH, 
= [MH (MH..,Y° 


In the above expression m denotes the valence of the central ion M of co-ordination number N, 
the number of protons taken up by the chelate, y the number of acidic character groups while : 
number of function groups of the polydentate ligand } 


As can be seen the first member of the above expression is equal to the stability constant of the 


TABLE | f 20C: / 


Fe IDEDTA 


normal (non-protonated) complex (Ky.,), the further members only differ from the constants 


protonated complexes 


nominator [ Y’~]is written instead of [H,, } |. Expressing the concentrationof MH, } 


tion (2) and substituting into equation (1) we get 


here K is the acidic dissociation constant (K K(H~) can be written as follows: 


H*]} 
K(H*) H - Ku Ky, 
K 


Three kinds of behaviour can be distinguished 
The first case (n = 0) means that the uptake of one proton results in splitting off the ligand, 
therefore the formation of a protonated complex in detectable amount is excluded. Plotting K(H*) 
as a function of hydrogen ion concentration one obtains a straight line parallel to the abscissa, 
K(H~) 
besides the existence of the normal complex the existence of one protonated complex 


1) into account. However, the uptake of the second proton results in the total decom- 


position of the chelate, i.e. the concentration of the other protonated complexes is negligible. Plotting 


K(H*) as a function of the concentration of the hydrogen ions we get a straight line the axial inter- 
cept of which is equal to Ky,, while Ky,, can be calculated from the slope of the line. 

If — | the existence of more protonated complexes must be considered. In this case the change 
of K(H*) as a function of the hydrogen ion concentration is expressed by a curve of higher order. 
he stability constants of different complexes can be obtained by a simple mathematical analysis of 


K(H~) 


is 

| 

a 

4 

Ky 1-68 . 10! 3-0. 10° 

4 Ky 1-80. 10 10.10 

4 K, 5-26 . 10° 90.10 

4 Kus 8-7. 10 

4 

Vol, 
in that the 
q from ¢quatic 

K(H*)= > Ku, ——— = Ka, + Ka, —— Ke (3) 

a [ye] 

Considering that 

4 [H,, 

4 

(Hey 
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Thus any method (spectrophotometry, polarography etc.) of determination of the ratio of the 
sum of the concentration of complexes to the concentration of free central ions is suitable for 
evaluation of the stability constants of the normal and protonated meta! chelates 

This method is simpler and applicable at higher acidity than earlier methods." 

Table 1 contains data for Fe(I11)-ethylenediaminetetraacetic acid and Fe(II1)-1,2-diamino 
cyclohexanetetraacetic acid systems, obtained by spectrophotometric measurements 

In the calculations the basic property of the tertiary nitrogens of the complex forms" was taken 
into account. 


Details will be published in Acta Chim. Hune. 


Institute for Inorganic and Analytical Chemistry M. T. Beck 
University of Szeged S. GOrdG 
R. K. CANNAN and A. Kisrick, J. Amer. Chem. Soc. 60, 2314 (1938) 


G. SCHWARZENBACH, Helv. Chim. Acta 33, 947 (1950) 
M. T. Beck and S. GOrdc. Chem. Anal 48, 90 (1959) 


Synthesis of alkali metal tetrachloroborates* 
(Received 25 August 1959) 


IN the preparation of alkali metal tetrachloroborates" by sealed-tube reaction of boron trichloride 
and the metal chloride, the high temperatures'*’ (400-500°) required resulted in corrosion of the 
reaction vessel, and the products were contaminated. We have now found that use of a solvent 
permits preparation of pure CsBCl, by a relatiy ely simple method 


Nitrobenzene (100 g), cesium chloride (10 g) and boron trichloride (45 g) were charged in a 


Stainless steel-lined pressure vessel and heated to 90° for 3 hr. The reaction product, a slurry, was 
filtered, and chloroform was added to the filtrate until no further precipitation occurred. The solid 
was recovered by filtration, washed with chloroform and vacuum dried 

(Found: Cs, 46-5; B, 3-69; Cl, 48-60: C, 0-47. Calc. for CsBC »: Cs, 46°54; 
49-67; C, O). A similar procedure with potassium chloride (15 g) yielded a mixture of KCI and 
K BC], as did the earlier thermal method." 

(Found: K, 269; B, 4-73; Cl, 68:76. Calc. for KBCI,: K, 20-39: B, 5-64: Cl. 73-97). When 
lesser amounts of BCI, were employed, the B:K ratio decreased, which Suggests a possible equi- 
librium situation 


KCl (sin) C.H,NO. BCI, KBCI, (sin) C,H,NO (1) 


Sodium chloride also dissolved in nitrobenzene as boron trichloride was idded; however, addition 


of chloroform gave a precipitate of sodium chloride rhallium chloride behaved in an analogous 


fashion. 


These reactions can also be carried out at 30-50° in ordinary glass equipment but products tend 
to be deficient in BCI, content. Potassium bromide also dissolved in the C.H NO, BB,’ system 


* Contribution No. 565 from the Central Research Department, E. I. du Pont de Nemours and Com- 
pany, Wilmington, Delaware 

" E. L. Muerrerties, J. Amer. Chem. Soc. 79, 6563 (1957) 

' This reflects the high lattice energies of the alkali metal chlorides. R. H. Herser J. Amer. Chem Soc 
80, 5080 (1958)] reported no halogen exchange between RbCl or CsCl (c) and BCI, (1) at 0 but slow 
exchange between LiCl and BCI, at 0°. Since lithium does not appear to form a chloroborate, the 
exchange mechanism may not involve a chloroborate intermediate. The absence of halogen exchange 
between CsCl and BCI, is consistent with the high temperatures required for the formation of CsBCI, 
in the absence of a solvent 


Sodium chloride was quantitatively recovered, without even visible alteration of crystallite size, from a 
NaCl-BCI, sealed-tube reaction at 500°; E. L. Muerrerties." 


| 
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but chloroform precipitated analytically pure KBr. Perhaps, in the bromine case, an equilibrium 
analogous to equation (1) exists and lies far to the left. 
The chloroborates prepared by the solvent method are much more reactive than those from the 


thermal method. Atmospheric moisture rapidly effects hydrolysis of these chloroborates. They 
dissolve in the C,H,;NO:-BCI, complex but basic solvents such as amines, nitriles and ethers react 
- irreversibly to form the metal chloride and the BCI, complex of the base. For example, a slurry of 
K BCI, in toluene reacted exothermally with pyridine at 25° to form KC | and a solution from which 
BCI.-C.H.N was isolated. 

(Found: B, 5-59; Cl, 53:13; C, 31-18; H 
BCI.,-C.H.N: B, 5-51; Cl, 54:19; C, 30-59; H, 2-5 


CsBCI, slowly evolved ethyl chloride at 25 


2-81 N, 698; mp. 111-112°. Cale. for 
7; N, 7:14; m.p. 113-114°.) Ethyl ether and 


E. L. MUETTERTIFES 
Central Research Department 
rime ntal Station 
E. 1. du Pont de Nemours and Company 
Wilmington, Delaware 


Thermal decomposition of some oxalates 


(Received 22 July 1959; in revised form 3 September 1959) 


RECENTLY methods have been developed to determine the rate dependent parameters, such as order 


of reaction and energy of activation, of a chemical reaction from thermogravimetry and differential Vol 
thermal analysis We report here these parameters for the decomposition of thorium, lanthanum 12 
nd uranium oxalates, determined by these methods 
1959/6! 


Experimental 


4 “Stanton” high-temperature thermobalance (manufactured by Stanton Instruments Ltd., 


England) was used for the the tric measurements. The rate of heating was maintained 
at 6 C/min. The apparatus for differential thermal analysis was essentially similar to the one de- 
scribed by GRUVER except that the sample holder consisted of a rectangular block of fire brick with 
two holes capable of holding platinum cells 8 mm dia. and 15 mm in height. The cells were capable 
of holding 0 7 g of tight y packed alumina The rate of heating of the platinum wire wound furnace 


was controlled and recorded by a Honeywell-Brown programme controller recorder. Chromel 


mel thermocouples were employed and the differential temperature was recorded on a differential 
2 millivolt recorder The rate of heatu g was 6 C/min 
. About 500 mg of the sample was taken for each thermogravimetric study. The weight losses 
were within 2 per cent of the theoretical values. For differential thermal analysis, the sample was 
well mixed with alumina (E. Merck quality used for chromatographic analysis) and tightly packed 


in one crucible, whereas in the other, alumina was taken as the reference material. 

: Th(C,O,),2H,O was prepared by the addition of a hot aqueous solution of thorium nitrate to 
i: an excess of hot oxalic acid solution The precipitated oxalate was filtered, washed with dilute 
rf Oxalic acid solution and then with water, and dried over sulphuric acid : 

: La,(C,O,), 10H,O was prepared by the method reported by WenpLANT'®’ and UO,C,O, 3H,O 
ae by that reported by STartTzKy and CROMER 


E. S. FReeMANN and B. Caro it, J. Phys. Chem. 62, 394, (1958) 

H. J. Brocuarpt and F. Daniets, J. Amer. Chem. Soc. 79, 41, (1957). 

R. M. Grover, J. Amer. Ceram. Soc. 31, 323, (1948) 

a *) Gmelins Handbuch Der Anorganischen Chemie No. 44, p. 307. Verlag Chemie GMBH, Bergstr. (1955) 
W. WeNDLANT. Analyt. Chem. 30, 58 (1958) 

‘*) EF. Sraritzky and D. T. Cromer, Analyt. Chem. 28, 1363 (1956). 
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Notes 


Results and Discussion 


Thorium oxalate. Fig. (A) gives the change in sample weight as a function of temperature 
Water of hydration began to come off at 140 C resulting in a horizontal weight level corresponding 


to the monohydrate. The monohydrate began to decompose at 250 C giving off water to form 
anhydrous oxalate, which decomposed at 350°C to give ThO, 


The decomposition stages agreed 
well with those of D’Eve and Se_tMan."’ 


Temnperoture , Cc 


Thermograms for the three oxalates 


Lanthanum oxalate. Water of hydration began to come off at 170 C, Fig. 1(B), resulting in a 
horizontal weight level corresponding to La,(C,O,),2H,O. The dihydrate lost water at 390 ¢ 
followed immediately by the decomposition of oxalate and gave a weight level corresponding to 
La,O,,CO,, which decomposed at 770°C to form La,O,. (The formation of a compound La,CO, is 
reported by WeNDLANT®’ and Backer and KLASSENS.'*') WENDLANT'*’ reported the loss of 10H,O 
as the first step in the decomposition of LaC,O,),10H,O. With the initial weight of about 120 
mg as taken by him, the difference in weight loss between 8H,O and 10H,O was about 5 mg as 
against 20 mg in our case. A horizontal weight level corresponding to La(C,O,) 2H,O was obtained 
by us, whereas in his case “the composition approached the anhydrous oxalate at 380C™. As 
l 2H,O decomposed directly to 0,” the anhydrous oxalate could not be weighed 
for gravimetric purposes. Though the temperatures of decomposition for the latter two steps agreed 


) R. W. M. D’Eve and P. G. Setiman. J. /norg. Nucl. Chem. 1, 143 (1955) 
‘*) H. J. Backer and K. H. Kiassens, Z. Anal. Chem. 81, 104 (1930). 
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in both cases, there was no agreement for the first step. The temperatures of decomposition obsery ed 


by us agreed well with those obtained by the differential thermal analysis method. 
The tri-hydrate, Fig. 1(C), lost 2 molecules of water at 100°C, and then lost 
The decomposition of uranium oxalate was 


Uranium oxalate 
1 molecule at 170°C to form the anhydrous oxalate 
extremely rapid at 350°C The differential thermal analysis curves for the three oxalates are shown 


in Fig. 2 


DTA curves 


rhic, 
THC, 


THC, 
THC, 


La,{C, 
LaAC, 


La,O,CO, 


UO.C,O, 
LO,C,0O, 


UO.C.0,H,0 


UO.C.O, 


Differential 


Differential 


Thermo- 
gravimetry 
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H,O — Th(C,O,) H,O 
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10H,O 
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1,.0,CO, ICO 
2CO 2H,O 

» La,O CoO 


2H,O 


3H,O 
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TABLE | DECOMPOSITION OF Th, La AND U OXALATES 
Vol, 
Temperature of de- Energy of activation 12 
composition (kcal/mole) 
1959/6 


Lonthanum 

xalote 390° 

2a” 

Oxcicte 

4 Fic. 2— 
a 
140 120 %6 
O,) 260 230 42 
O,) 360 370 55 §2 
O,) 
sy O,) 160 150 14 17 
400 390 

760 770 85 85 
100 105 19 22 
g 210 190 31 29 
365 340 85 
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Calculations of the rate parameters 


rhe order of reaction and energy of activation were calculated 
from the equations. 


(E/2-3R) A log dW/dt 
A log W, A log W,, 


A AT/A —a (ii) 


for the values obtained by the thermogravimeteric and DTA methods respectively 


The order of 
reaction, as determined by thermogravimetry, was found to be between 0 


derived for DTA was for a first order reaction in the case of liquids 
State decomposition. The In & vs. (1/T) plot gave a straight line show 


to be one for all decompositions studied. 


7and 1-0 Equation (ti) 
Here it is extended to solid 

that the order of reaction 
The values of the energy of 
stages of decomposition (Table 1) obtained by the two methods agr 
the decomposition of lanthanum oxalate involved both the loss « 
oxalate, no values were calculated 
heating 10 C/min 


activation for the various 


Cou Well 


As the second step in 
rf iter and decomposition of 
The DTA experiments were also carried out with the rate of 


The resulting values agreed with those obtained with the rate 6°C/min. As the 
“Stanton” thermobalance had a fixed rate of heating (6°C/min) equation (1) could not be tested with 


a different rate of heating 


icknowledgements—The authors wish to thank Dr. J. SHANKAR and Dr. \ 


ATHAVALE for their 
helpful suggestions 


V. M. PADMANABHAN 
S. C. SARATYA 
4. K. SUNDARAM 


{tomic Energy Establishment 
Trombay, Bombay 


The half-life of americium-243 
( Received 8 September 1959) 


AMERICIUM has two beta-stable isotopes, of masses 241 and 243. The { 


the beta decay of *"*Pu, a product of all natural uranium reactors, and 


the isotope used in most chemical studies of americium. Its half 
laboratory by and MaRKIN 


mer isotope is produced by 


nt 


quite recently it has been 


s been determined in this 


by measurements of the specific alpha activity of careful 
chloride and sulphate samples. Their result is 458-1 


lv purified 
0-5 vears 

Because of its relatively short half-life, **‘Am is not ideal for chem studies, since its intense 
alpha activity produces radiation effects. The much longer lived isotop . 


Am is preferable, and 
this isotope, shich 1s produced im a very pure State in pl ionium samp ods 
at high neutron fluxes, should become increasingly available. Its ha las been quotes s 7950 
years ind 7600 years 4 few milligrams of *”"Am were recently extra 1 in this laborator 


a highly irradiated plutonium sample, and its half-life was re-detern 


irom 


Although a specific activity measurement would have been possib 


available, it would have been tedious, and the result would probab y 


of Hatt and Markrn, who used much larger quantities. It 


half-lives of *"Am and ™'Am by an isotop 


was 
pic dilution method. This 


cre 


grams of each nuclide and did not require the highest chemical pur 
The *“Am had been separated by a series of ion exchange steps, and was free of alpha 
to other elements. It contained a very small proportion of *'Am, wh f nO Consequence, since 
more **'Am was added for the determinations. The “'Am was isotopi 
Five mixed solutions, containing *'Am and 


in different p ” were prepared in 
dilute nitric acid. The proportions were chosen to cover the optumum t ec for both mass spectrom- 
etry and alpha pulse analysis—i.c. mass ratios *’Am/*'Am in the range Sto 5-5 


correspon 


G. R. Hatt and T. L. Maren, J. nore. Nucl. Chem. 4, 137 (1957 
Watiman, P. Garar and L. Gona. J. Jnore. Vu 


Chem. 7, 199 
J. P. Burier, T. A. Eastwoon, H. G. Jackson, T. L. Cooums, M. 
SCHUMAN, Knolls Atomic Power Laboratory Report, KAPL 1781 (1957 
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to activity ratios “*'Am/?**Am in the same range. Samples from each solution were analysed mass 
spectrometrically, and thin sources from each solution were prepared by vacuum sublimation on 
polished stainless stee! disks for alpha pulse analysis 


The mass spectrometer was a Metropolitan-Vickers type MS. 5 instrument with triple filament ion 


56 


£ 
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Typical pulse analysis result 


rce and an electron 1 lier collector. The sample placed on one of the side filaments was of 


order of a ium. The results quoted are in most cases the means of 20 scans on a 


nalysis equipment consisted of a gridded ionization chamber, filled with argon con- 
methane d connected through conventional amplifiers to a 100 channel pulse 
lilips, type 1438B). A typical pulse analysis result is shown in Fig. |, which also shows 


ind 1 sities of the main alpha groups of 


and *“Am The line of demarca- 
tion between the isotopes was drawn at about 5-35 MeV, near the bottom of the valley between the 
S. Rosensitum, M. VALApares and J. Mitstep, J. Phys. Radium 18, 609 (1957) 


d I. PertmMan, PA Rev. 93, 1423 (1954): F. Asaro, F. S. and I. 
ta quoted ir hle of Isotopes: D. Stromincer, J. M. HOLLANDER and G. T. SEaBorG, 
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Notes 


two peaks Normally, the counts in the peaks on either side of ti 


was found that estimates of overlap by extrapolation of “tails 
result. Each pulse analysis result quoted is mean of from ¢ 
products **Pu and *’Np could not interfere 


long and the alpha pulse analysis was carried out imn 


If m and ” are the atom ratio and activity ratio for 
ratio *“"Am/*"'Am is equal to mrs 


The results are quoted in Table | 
Taste | 


Atom 
ratio 


Mean half-life ratio 16 


The very close agreement between four of these results 
spectrometry and inalysis results showed standard d 


deviation of t t-1! ino would therefore 


de adoul | 


of five observations distributed with a standard 
i.c. the ratio is 16°70 0-10 


HALt and MARKIN quote 458-1 0-5 years as the half-life of 


as the standard deviation, and combined with the r 
may be quoted as 7650 It must be em 
measured the 

lhe irradiated plutonium sample was made ¢ 
of the Argonne National Laboratory, Lemont, I 


Commission. We wi » acknowledge this co-operation, and als 


Company, Arco, Idaho, the British Joint Scientific Mission in Was 
atA I R I Harwell vho c Oper ited in the tr insport 


ind chemic 
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Har well, Dide or, Be rAS 
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since it 
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*hter 


ire 
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Synthesis of and labelled phthalocyanines* 


(Received 15 September 1959) 


THE recent availability of *Mn and “As prompted the investigation of 
of the corresponding metallo phthalocyanines 
Manganous phthalocyanine was prepared by BARRETT and associates 
* This study was supported by the U.S. Atomic Energy Commission, ¢ 
grant (C 3265) from the National Cancer Institute, National Institutes of H 


') P. A. Barrett, C. E. Dent and R. P. Linsteap, J. Chem. Soc. 1719 (1936) 


Ca 


methods for the synthesis 


by heating o-phthalonitrile 


ontract No 


tn 


to ¥ observations. The « 
of tne volved am 
elv after 7, xchange ¢ ration 
“Am Am respectively, then the half-life 
Act ty Halt 
ratio rauio 
\ 2-623 0-1571 16°70 
B §.173 O-3115 16°61 
( 4-464 02665 16-75 
3-125 0-1 869 16°72 
R76 02315 16-74 
is Cer fortuitous, since Doth mass 
itions of about | per cent | indard 
per On this assumption, the mean 
ol, 
12 A ind if the rit 
nd u these uts are tlaxcn 
9/60 
ilts of the pre ork, the half-life of "Am 
sized, however it the present work has only 
on of the Am half | 
ble through the cou 
with th NNro 
pproval of the [i 
that of 
ngton, and several colleagues 
processing Of the sampic 
3()-1-2182 and a 
11 
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with manganese dioxide. A precursor of uncertain composition was obtained which yielded 
manganous phthalocyanine on vacuum sublimation. A direct synthesis from the nitrile was desirable 
in this laboratory. Brooks et a/.'*’ isolated a precursor from the reaction under oxidizing conditions 
of o-phthalonitrile and cupric salts w hich gave copper phthalocyanine on py rolysis or on reduction 
1 alkaline glucose. These observations suggested that a reducing and high boiling solvent should 
reaction. Dimethylformamide is a reducing solvent,’ but when the nitrile and 
nganous acetate hydrate were refluxed in this medium negligible product was obtained. How- 
a 1, 2-propanediol solution of manganous acetate hydrate was treated with the nitrile 

fluxed, manganous phthalocyanine was formed directly. 
1ic had been introduced into hematoporphyrin by Hiti'* using a saturated solution of 
trichloride in pyridine, but the tervalent derivative was unstable in water. Arsenic trichloride 
joes form a stable ammine containing four ammonia groups. Inspection of an atomic model 
halocyanine analogue of porphyrin indicates that the four extra nitrogens are perhaps in 
sugh proximity to co-ordinate to some extent with a possible arsenic derivative thus con- 
ional stabilitv. Chloroaluminium phthalocyanine a similar type compound forms a 
alt in concentrated sulphuric acid Chloroarsenic phthalocyanine was prepared by a 
modification of the procedure of Barrett et al.°’ These investigators treated dilithium phthalocyanine 
1etallic salts in absolute ethanol to obtain metallo phth tlocyanines In this laboratory dimethyl- 
formamide was used as the solvent for the reaction between arsenic trichloride and dilithium phthalo- 
cyanine This was particularly advantageous in the labelling procedure as the arsenic trichloride must 
ned from sodium arsenate by treating the latter with concentrated hydrochloric acid under 
NaGitiIoONns Dimethyvlformamiude provides a reducing medium and facilitates the reaction 
linating with the arsenic trichloride shifting the equilibrium of the reaction in favour of 


ormation 


Experimental 


nous phthalocyanine. Four molar and one molar proportions ol o-phthalonitrile and 


is acetate hydrate, respectively were refluxed in 1, propanediol solution until the brown 


ion became greenish black. The mixture was cooled, diluted 
Ma ine black crystals extracted with hot ethanol to remove soluble organic 


The compound was obtained in 46 per cent yield and was trace labelled by incorporation 
} 


ous-52 acetate or sulphate into the carrier solution. A pyridine solution had absorption 


14 


340 and 620 mu which were identical with those of an authentic sample obtained by 


hium pl inine with manganous chloride in absolute ethanol! 


enic ph i One molar proportion of d lithium phthalocyanine in dimethyl- 


anhydrous arsenic trichloride at room tempera- 


vas treated with one molar proportion ol 
precipitate form immediately and was collected by centrifugation in 30 min. The 


vashed w : te ethanol to remove lithium chloride. A pyridine solution had 
A silver nitrate test for chloride ion was negative in ethanolic 
ysis of the compound in hot nitric acid. Solution in concentrated 
lution of hydrogen chloride gas, but pr longed standing was 
the compound was stable to glacial acetic acid. The compound 
oroaiuminiun phthalocyar ine in these reactions 
One millicurie (0-5 ml) sodium arsenate was evaporated to 
drops « trated nitric acid, cooled, one drop nitric and several drops con- 
and the residue warmed in an oil bath at 40 C. Carrier arsenic 
1¢ temperature of the bath taken to 100 and 2 mi dimethyiformamide 
phthalocyanine in the same solvent. The reaction was complete 
n temperature with occasional stirring. The mixture was centrifuged 
lute ethanol until the test for chloride ion and radioactivity was 


liv the solid was extracted with absolute ether and dried. The 


G. Bur! Sxites and M. S. Wueien, J. Org. Chem. 24, 383 (1959). 
A. I. Popov and Goopsprep, Analyt. Chem. 27, 253 (1955). 
chem. J. 19, 341 
Barrett, D. A. Frve at Linsteap, J. Chem. Soc. 1157 (1938). 
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; compound contained 30 per cent ol the arsenic-74 taken in the reaction. 
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P.A 


Notes 


Summary 


**Mn and **As labelled phthalocyanines have been prepared by direct synthesis for experimental 
evaluation. Chloroarsenic phthalocyanine has a stability similar to that of chloroaluminium phthalo- 
cyanine. Investigations are in progress On preparation of water soluble derivatives. 
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The polarographic behaviour of some square complex 
compounds of platinum 


(Received 21 July 1959; in revised form 3 October 1959) 


NIKOLYEVA and PREesNYAKOVA''’ showed that during the reduction at t lropping mercury electrode 
of K,PuNO,), in KCI solution, the peak which occurs in the polarog: phic curve at an applied 
potential of —0-5 V, relative to the saturated calomel electrode, changes with time. rhey suggested 
that their results might be explained by the formation h plexes as K,Pt(NO,),Cl, 
K.Pt(NO.)CI,. due to replacement of NO, groups of the [Pt(NO,), by ion They further 
pointed out that this method could possibly be used to follow the k cs of exchange reactions of 
complex compounds in electrolyte solutions Their work on the p Marographic behaviour of 
K.P NO.,), in the presence of different supporting electrolytes was repeated l ts were 
confirmed. In the presence of NaNO,, KNO, and Na.SO, no maxir ny l he polarographic 
curves even after the solutions had been standi: g for 72 hr (Fig. 1). | \ whe r KBr was 
used as the s ipporting electrolyte, a peak developed in the polarograp curve at ; ipplied oltage 
of —0-°5 V and the height of this peak increased with time (Fig. 2) 

rhe polarographic behaviour of K,PtCl, in KNO, as supporting ctrolyt as also examined 


} 


and it was found that the peak in the polarograph c curve which o rred at an applied p 


0:5 V decreased with time (Fig. 3). These phenomena can be explained in terms of the 


of groups in the complex anion by ions of the supporting electrolvt 
5 rt 


The rate of change of the height of the maximum in the curve 
of substitution, the assumption being made that the concentration 
tional to the peak height of the curve. Whether this assumption is 
further experimental evidence. Further, the reaction is undoubtedly nplicated by t 
of the complex ion. As pointed out by STRANKS and Wi LKINs'? ther 
and authentic examples of direct ligand exchange of transition metal complexes in aqueo 


and it is not known what relative contribution aquation makes to the observed exchange 


Experimental 


rhe complex platinum compounds were prepared as described 
confirmed by analysis. The polarographic cell was an H-type cell one arn vhich was a 
calomel electrode. This was separated by a sintered glass disk and an agar plug saturated 
sium chloride from the other arm which contained the solution under test and into which fitted the 
dropping mercury electrode. A 10-* M solution of the complex salt was prepared in the deoxygenated 
supporting electrolyte Polarograms were recorded at various intervals of time after the preparation 
of the solutions. 


The polarographic cell was supported in a thermostat at a temperature of 25-0 — 0-1 ¢ 


N. V. Nikoryeva and V. N. Presnyakova, Doki. Akad. Nauk SSSR 87. 61 
*) D. R. StRANKS and R. G. Witkins, Chem. Rev. 57, 789 (1957) 
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Results and Discussion 


(A) 10-* M K,Pt(NO,), in | M KCI 


The polarogram of K,Pt(NO,), in KCI immediately after preparation of the solution showed 
only a slight hump at an applied voltage of —0 5 V. where the current recorded was less than 2 wA. 


10-° M K,Pt(NO,), in (1) 1 M NaNO,; (2) 1 M KNO,; (3) 1 M Na,SO, 72 he 


ilter preparation of the so ution 


This hump developed into a prominent peak whose height increased rapidly at first and then more 
| : 
slowly, reaching a maximum value after 24 hr when the peak current was 14-9 “A The actual values 
of the peak current at various intervals of time are shown in Fig. 5. The shape of the polarogram 
f 


after 24 hr was almost identical with that of K,Pt(NO,),Cl, in KCI and quite different from that of 
the other complexes. (Fig. 4). This result suggests that when 10 M K.,PuNO,), is reacted with 1 M 


KCI at 25-0 C, two chloride ions replace two nitro groups from the complex It would be expected 
that when 10-* M K.,Pt(NO,),C! is reacted with 1 M KCl, one nitro group would be replaced by a 


chloride ion. Anomalously, this complex appears to be quite stable in the presence of KCI. 


A plot of log ]) against ¢, where /,, is the final peak current and /, is the peak current at 
time f. gives a straight line indicating that the reaction is of the first order. The value for the specific 
rate constant “k” was calculated to be 7:33 10-* 


(B) 10-*° M K,PtCl, in M KNO 


There is a very marked difference between the polarograms of K,PtCl, in K NO, immediately on 
preparation of the solution and after it has been standing for 24 hr. Immediately after preparation 
of the solution there is a prominent peak in the polarogram at an applied potential of —0-5 V, the 
peak current being 15-2 “A. After the reaction mixture has been standing for 24 hr, the peak has 
been reduced to a very small hump, the peak current being 1-1 “A. (Fig. 3) 
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Notes 


Fic. 2.—10-* M K,Pt(NO,), in (1) | M KCI immediately after preparation of the solution: 
(2) 1 M KCl 24 hr after preparation of the solution; (3) 1 M KBr immediately after prepara- 
I 


tion of the solution; (4) | M KBr 24 hr after preparation of tl 


SsOluULION 


Pt ¢ KNO, 


V (Volts) 


10°* M K,PtCl, in | M KNO, (1) immediately after preparation of the solution; 
(2) 24 hr after preparation of the soluti« 
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4 
9 
d 
v volts 
ol. 
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s} 
Or 
SF 
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Notes 


V (Volts) 
Polarograms of complexes (10-* M) in 1 M KCI (1) K,Pt(NO,),—+4 hr after preparation of the 
2) K,Pt(NO,),—24 hr af parat wf the solution; (3) K,Pt(NO,),¢ 24 hr after prepara- 


(4) K 24 hr aft tion of K,PuNoO,)cl 24 hr after 


or ) 


current of (1) 10-°M K,PtCl, in 1 M KNO,; (2) 10°°M K,Pt(NO,), in 
1M KCI; as a function of time 
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It is difficult in this case to predict how far the substitution has proceeded because there is not a 
great deal of difference between the polarograms of K,Pt(NO,), in | M KNO, and of K,Pt(NO,),Cl, 
in] M KNO,, 

Fig. 5 shows the change in the peak current with time at an applied voltage of —0-5 V for the 
complex 10-* M K,PtCl, in 1 M KNO,. 

G. CURTHOYS 
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Exchange properties of ammonium salts of 12-heteropolyacids. 
Sorption of caesium on ammonium phosphotungstate and 
phosphomolybdate 


(Received 8 October 1959) 


THE exchange properties of ammonium phosphomolybdate were suggested by BAxTer and GrirFIN, 
and later by THISTLETHWAITI BUCHWALD and THISTLETHWAITE described the sorption of potas- 
sium, rubidium, caesium, thallium and alkaline earths on ammonium phosphomolybdate as being due 


to isomorphous exchange of an ion in the lattice; the sorbing catio sumed to be able to replace 
both ammonium and hydrogen ions present in a molecule of amm phosphomolybdate. The 
exchange properties of ammonium phosphomolybdate were used by Smrr'*’ for the column separation 


of “Na, “K, “Rb and '"Cs, using ammonium nitrate solution in various concentrations as eluant 
The determination of radioactive caesium in dilute solutions by sorption on thallium phosphomolyb- 
date has also been described 


Our earlier studies on the reaction between alkali metals and eteropolyacids indicated the 


instability of phosphomolybdic acid and its salts in solutions under cer nditions. On 


the other 
hand phosphotungstic ac d resists hydrolysis and is stable even in strong acid media. This paper 
describes the exchange properties both of ammonium phosphotungstate and ammonium phos- 
phomolybdate. 

rertunentai 


Ammonium phosphotungstate and ammonium phosphomolybdats re prepared b 
tation of commercial 12-heteropolyacids with excess of NH ,¢ N the’ ( 
0-1 N HCl. then absolute alcohol, and dried at 40-60 C. In iry pr ict ,\ i rmined by 
Nessler’s colorimetric method, W and Mo gravimetrically 

rhodanide, and water by ignit nstant weight at 450 C. PI is was determined colori- 


metrically as phosphotungstovanadic acid or phosphomolybdovanad 1. The analyses correspond 


to the formulae 
(NH P H,O, ibbreviated to NH,PW 


(NH MO, 11-6 H,O abbreviated to NH,PMo 


~ 


(a) The prepared salts (0-1 g) were added to 2 mi of HCI or HNO, (02-10 N) and after reaching 


equilibrium solid and liquid phase were analysed (Tables | and 2) 
Whereas in the solid phase of NH,PW the replacement of ammo yns by hydrogen increases 
continuously, the calculated values of the ratio NH,/P for NH,PMo are irregular, due 


to decomposition of NH,PMo by the acid 


P. Baxter and R. C. Gruirrixn, Amer. Chem. J. 34, 204 (1905) 
P. THisTLeETHWAtte, Analyst. 72, 531 (1947) 
BUCHWALD and W. P. TuistiernHwaite, J. /norg. Nucl. Chem. § 
VAN R. Samir, Nature, Lond. 181, 1530 (1958) 

Hara Tapas, Bull. Chem. Soc. Japan 31, 635 (1958) 
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Taste |.—EQUILIBRIUM IN THE SYSTEM: AMMONIUM PHOSPHOTUNGSTATE-HYDROCHLORIC ACID, 


\MMONIUM PHOSPHOTUNGSTATE-NITRIC ACID 

Moles of NH,* ¢ atoms of P* ¢ atoms of W* 
NH,/P moles 
solid phase 


I Solid I qu d Solid 


phase phase phase 


88-4 Was not 5 Zz 449-75 
90 2 found PA 449-80 


Was not 


30 found 


Was not 


449-70 
449-80 


SYSTEM AMMONIUM PHOSPHOMOLYBDATE-HYDROCHLORIC ACID, 


PHOSPHOMOLYBDATI 
atoms ol p* P a of Mo* 


NH,/P moles 
solid phase 


100 moles of ammonium in origina! material 


PMo decomposes strongly 


368 

4 Acid con- 

centration 

N 
9. HCl 11-6 2:36 

HNO 9-8 2-41 
HCl 18-2 03 449-70 2:18 

4 HNO 17-0 37-5 02 449-80 2:22 

q H¢ 22:7 77°3 37-5 0-25 449-75 2-05 
4 HNO 24-8 75-2 found 37-5 0-2 449-80 20 

4 24-8 Was not 37-5 0-2 449-80 0 

HNO 25-4 74+ found 37-5 0-2 449-80 1-98 
Hc! 27-0 73-0 Was not 37-5 0-30 | 1-95 

4 

7 HNO 26-4 736 found 37° 0-2 1-96 

1 * Res calculated relat to 100 moles of ammoniun or material 

5 
4 Vol, 

12 

4 Moles of Ni 
4 Acid con- 

Liquid Solid Liquid Solid Liquid Solid 
q pl ise pnase pn ise phase pnase phase 

0.2 H¢ 4-06 29-2 2-95 397-05 3-13 
4 HNO 3-97 29-3 2-33 397-67 3-08 

1-0 HC] 17-1 82-9 5-39 27-94 18-75 381-25 2:98 

4 HNO 18-0 82-0 6:06 27-27 20-6 374-4 30 
4 HCI 21-0 79-0 4:6 28-73 22-7 377-3 2:27 

HNO 23-5 76:5 5-26 28-07 356-2 2:82 

4 HC] 

6-0 

4 HNO 23-0 77-0 6-82 26°51 24-8 375-2 2-90 

HC) 

10-0 

HNO 17-1 82-9 23-65 6°56 393-44 3:50 

* Results calculated relative to 

é Under these conditions NH , [is 

: 
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(b) In caesium phosphotungstate (CsPW) and phosphomolybdate (CsPMo), the exchange between 
Cs ions and H ions was investigated in a similar way (3 ato ( vere originally nt in 1 
molecule of the heteropolysalt The content of Cs in the s ! se ck creasing 
acidity of the medium. CsPW does not decompose; the CsPMo decomp: in lO N HCl. 
The exchange between Cs and NH, in NH,PMo and NH,PW examin king 0-1 
of precipitate of NH,PW or NH,PMo with 2 ml HC! of vary t ta y EXCESS 

tha 


3M Cs labelled with "Cs. The precipitate was washed with ac 
The results are s! 


> 


letermined 
radiometrically using an end-window counter 


TABLE 3.—-EQUILIBRIUM IN THE SYSTEM: AMMONIUM 


CHLORIDE-HYDROCHLORIC ACID 
HC! con- Cs/P moles NH,/P moles Cs/NH, 
centration solid solid 


phase 


QUILIBRIUM IN THE SYSTEM L\MMONIUM PHOSPH 


CHLORID 


centration 


HWALD 


The Cs/NH, ratio in CSNH,PMo (0-79-0-87). which 
and THISTLETHWAITE $s lower than that in CsNH,PW (1 ; er sin rco tions. The 


sorption capacity of NH,PW is thus higher, whether expressed 


rhe results indicate quantitatively that ammonium phosphomo phospho- 

tungstate are able to exchange part of their ammonium for caes ed Detween 

ammonium, alkali and hydrogen ions. Ammonium phosphot 
! wide we by t yncents f both 


may be influe wed 


ind strong 


acid media and Cs sorptio 
ammonium and hydrogen ions. On the contrary nphosphomolvbdate is 
and the sorption capacity of ammonium pho 


Detailed data will be pu iter 


lower, © caesium is higher than 


that of ammonium phosphomolybdate 


J. 


Institute of Nuclear Research V. Koukio 


Czechoslovak Academy of Sciences 


Prague 


N 
' H.O 1-73 0-99 1-75 
; 0-01 1-72 1-05 1-64 
; 0-1 1-64 0-95 1-73 
1-51 0-89 1-70 
30 1-58 0-86 1-84 
5-2 1-49 1-20 
HY DROCHLORKIK Ac TID 
ol, HC! con- Cs/P moles NH. mok Cs/NH. moles 
12 es solid solid solic 
40 N phase 
| H,O 1-29 1-59 0-8) 
0-0! 1-22 4] O87 
1:24 1-56 0-79 
0-9 1-16 1-43 
+0 1-15 139 83 
§-2 1-12 1-28 0-87 
ee in moles or by weight 
Conclusion 


70 Notes 


3 


Coprecipitation of carrier-free caesium with 12-heteropolyacids in a strong acid medium 


(Received 8 October 1959) 


POLYACIDS are known to be isomorphous with their alkali salts. If a free heteropolyacid is 


ym a strong acid medium, even small amounts of alkali present are coprecipitated and 


rom 


the crystal lattice. The rate of coprecipitation depends upon the acidity of medium and on the 


10w this effect has been known only qualitatively as d incompletely. In this study the 
ited diheteropolyacids was determined in strong mineral acids at various 
yn of carrier-free caesium with these acids and with more 
eteropo yacids (triheteropoly icids) was studied 
Experimental 
of commercial products or by syn- 
standard methods or by colorim- 
under defined conditions. The follow- 


tical Gata) 


(PW, abbreviated to HPW 
ited to HPMo 
Oy) 23H,O eviated to HSiW 
viated to HSiMo 
’31H,O, eviated to HPW\ 
a viated to HPMo\ 
a eviat HSiwW\ 
eviated to HSiMoV 
ted to HAsWYV 
H.f H.O,. a ited to HAsMo\V 
H ibbrev iated HSeW \ 
Vol, 


H (GeW,, V.O.,.):26H.O. abbdre ted to HGeWYV 
12 


1959/¢ 


abbreviated HBW\ 


th 0-1-14-0 N HNO 
0-1°C for 2-12 hr, 
icid were corrected 


npie $ ol supernatant 


ropolyacids (1)48) (10-50 mg) was added 0-03 ml of *’CsCl 
Cs/ml), in which the heteropolyacid dissolved, and the solution 


~12 N HCl, HNO,, H,SO, or HCIO,; the acids (9)13) 


te was centrifuged after several minutes and the 


ir d-window G.M. counter 


ous compound H,(PW,,0,,) was found 
(d) was found to be 2-475. Similarly for 
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These values are in accordance with the data of other authors * Till now the decrease in 
solubility of heteropolyacids in acid media has not been measured except for HPW.'"" 

The heteropolyacids HPW, HSiW and HSiMo are stable in centrated acids, HPMo de- 
composes in HCI, H,SO, and HCIO, above 4-6N and in HNO, above 8N. The relatively small 


nes for H,(PMo,,0,,)—c« 
Broken lines—decompositior 


influence of HNO, on the solubility of HSiW is interesting. The 


ind strong mineral acids does not eliminate the possibility of form 


C oprecipitation 
The degree of coprec pitation of carrier-free caesium with free heteropolvacids increases 
increasing amount of the heteropolyacid. To attain maximum vields th if experiment 


cedure, 50 mg of heteropolyacid was sufficient in most cases. It is nec iry to note that the volume 


C. MARIGNAC, Ann. Chim. Phys. 3, 15 (1864) 
* H. Copaux, Ann. Ch } 7. 127 (1906) 
” A. V. Rakovsku and Obshch. Khim. 6. 50 (1936) 
°) E. A. NIKITINA and OKOLOVA, Zh. Neorg. Khim. 2, 2231 (1 

4. K. Basxo and J SKARAVSKU, Khim. i Khim. Technol. 2. 157 
') V. 1. Spicyn and P. Ja. Matsaz, Zh. Neorg. Khim. 4, 830 (1959) 
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of precipitate does not always correspond to the amount of caesium captured, especially for precipi- 
tates produced in HCIO,. The best results with diheteropolyacids (1) (4) were obtained with acids 
having a central P atom together with HNO and similarly Si with HCI, the worst results were obtained 
with the combinations of P with HCIO,, and of Si with HCIO, or HNO . Triheteropolyacids (5) (13) 


generally give lower results than corresponding diacids. (Table 1.) 


oprecipitated Cs (%) 
acid concentration ~ 12 N 
Heteropolyacid 


HC] H,SO, HCIO, 


HPW 5 
HPMo 8-8 97°8 
HSiW 2 77-0 
HSiMo 78-0 
HPW\ 

HPMo\ 

HSiW\ 

HSiMo\ 

HAsW\V 

HAsMoV 

HSeWV 

HGeW\ 

HBW\ 


ng the discussion, will be published | 
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Synthesis of methyldichlorophosphine and dimethylchlorophosphine* 
(Received 15 October 1959) 


METHYLDICHLOROPHOSPHINE (II) has been mentioned in numerous publications'’’ but the only 
relerence to its sy! thesis is a footnote stating that it “was prepared by the reduction of the complex 
(CH,PCI,)(AICI,) (1) in acetonitrile with aluminium”."’ A more convenient laboratory synthesis is 
the reduction of the complex (1), prepared from methyl! chloride, phosphorus trichloride and alumin- 


ium cl with phenyldichlorophosphine in the presence of phosphorus oxychloride 


(CH,PCI,)AICI,) bPCI, POCI, CH,PCl, + AICI, POCI, 
I 


Tributylphosphine is also a satisfactory reducing agent but gives a somewhat lower yield 


* Contribution No. 570 from the Central Research Dept., Experimental Station E. I. du Pont de 
Nemours and Company, Wilmington, Deleware 
Ge) |. Z. Soporovsku and Yu. M. Zinov'ev, ZA. Obshch. Khim. 24, 516 (1954); © L. D. Quin and C 
ROLS i, J. Org. Chem. 23, 1693 (1958) 
W. HorrMann and T. R. Moore, J. Amer. Chem. Soc. 80, 1150 (1958). 
J. P. Cray. J. Ore. Chem. 16, 892 (1951) 


TABLE |. COPRECIPITATION OF CARRIER-FREE CAESIUM 
HNO 
Vote. Detailed data, includ 
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Dimethylchlorophosphine (IV) was prepared for the first time recently by cleavage of dimethyl- 
aminodimethylphosphine with hydrogen chloride." letramethyldiphosphine disulphide (IID), 
obtainable in 85 percent yield from methylmagnesium bromide and thiophosphory! chloride,'®’ has 
now been converted to dimethylchlorophosphine in 46 per cent yield by simultaneous reduction 
and cleavage with phenyldichlorophosphine. 


(CH,).P—P(CH,), + 2(CH,).PC] (4PS) 
s Ss 
Ill 


Experimental 

Methyldichlorophosphine. The complex (1) prepared by shaking 12 g of methyl chloride, 31 g 
of phosphorus trichloride and 29 g of aluminium chloride in a sealed glass tube'*’ was placed in a 200 
ml flask connected to a 6 in. Vigreaux column. Addition of 21 ml of phosphorus oxychloride produced 
an exothermic reaction and most of the complex dissolved. Phenyldichlorophosphine (31 ml) was 
added and the mixture was heated to 130 At that temperature the mixture became homogeneous 
and 23 ml of a clear, colorless liquid distilled at 80-98. Redistillation in a nitrogen atmosphere gave 
21 g (82 per cent) of methyldichlorophosphine, b.p. 80-84. The infra-red spectrum was identical to 
that of an authentic sample supplied by the U.S. Army Chemical Corps and contained a strong band 


for the methyl group at 7:75 «, as reported by Cason and BAXTER The **P magnetic resonance 


was a sharp peak at 191 p.p.m., relative to 85 per cent phosphoric acid (literature value 191-2 


p.p-m.). 

Substitution of tributylphosphine for the phenyldichlorophosphine used in this experiment gave 
methyldichlorophosphine in only 61 per cent yield 

Dimethylchlorophosphine. A mixture of 9:3 g of tetramethyldiphosphine disulphide and 20-3 ml 
of phenyldichlorophosphine was heated in a nitrogen atmosphere til the mixture became homo 
geneous at about 200 . The clear, yellow solution was distilled to give 6°8 ml of a clear, colorless liquid 
b.p. 62-70. Redistillation gave 4:2 g (46 per cent) of clear, colorless dimethylchlorophosphine, 
b.p. 77, m.p. —4 to 0 (literature values: b.p. m.p. to —1-0). The infra-red spectrum 


contained bands assignable to saturated CH bonds at 3-35 ~ and to a methyl group at 7-75 w. The 


proton magnetic resonance contained a symmetrical doublet in the methy! region. The *'P magnetic 
resonance was a single, sharp peak with a chemical shift of —93-0 p.p.m., relative to 85 per cent 
phosphoric acid. The mass spectrum contained major peaks at 81, 83, 96 and 98 units in the proper 


ratio for the presence of one chlorine atom in the molecule. 


Central Research Department Experimental Station G. W. PARSHALI 
E. 1. du Pont de Nemours and Company 
Wilmington, Delaware 
* A. B. Bura and P. J. Stora, J. Amer. Chem. Soc. 80, 1107 (1958) 
H. D. Biancut and D. Ber. 90, 1657 (1957) 
*) J. Cason and W. N. Baxter, J. Ore. Chem. 23, 1303 (1958) 
7” N. Murer, P. C. Lautersur and J. GoLpEnson, J. Amer. Chem. S 78, 3557 (1956) 


A source of error in the determination of uranium-235 by gamma-spectrometry 
(Received 14 September, 1959; in revised form 15 October 1959) 


URANIUM-235 emits y-rays at 184 keV which can easily be resolved from other y-rays emitted by 
uranium by using a scintillation spectrometer; data on radiation emitted by uranium and its daughters 
are given in the Table | 

A number of workers have measured the intensity of y-rays in an energy band at 184 keV to 
determine *°U concentrations in uranic samples. 


Notes 


RADIATIONS FROM URANIUM AND ITS SHORT-LIVED DAUGHTERS *** 


TABLE 1].—PRINCIPAI 
Principal particle Principal y-energies 
(MeV) and y/disinte- 


energies ( MeV) and 
gration 


Type 
occurrence percentages 


Isotope of Half-life 
decay 


4-182 (77%), 0-045 mostly internally 
converted 
0-029, 0-0628 (e;/y 
00914 (e; 2-0) 
0-043, 0-230, 0-255, 0-770, 
2:31 (90°) 0-803, 1-01, 1-24, 1-44, 
1-69, 1°83 (< 1°%%) 
0-110 (5°¢), 0-146 
0-184 (55°), 0-209 (<4°%) 
0-022 (13°4), 
0-122 (0-1 


0-208 (0-02 


10” years 


0-45), 


0-100 (35°), 0-191 (65' 


24 days 


1-175 months 0-58 (1°), 1°50 (9°,) 


10° years 4°58 (10°,), 4-40 (83 
0-085 (7°), 
), 0-167 (0-1 %), 


0-134 (20°), 0-218 (33 


0-118 (<03°) 


years 4-768 (72 
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itv of bremsstrahlung at 184 keV is of the same order as the intensity 
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verimental Determination of the Origin of the Background Gamma Radiation at 184 ke\ 
was used for the measurements. This consisted 
E.M.1 type 60971 photo- 


itional scintillati 7amma spectrometer 
1] in 1} in. dia., mounted directly on a 

amplified by a standard linear amplifier and fe 
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Notes 


Radiation from uranium rods variation with concentration 


A typical spectrum of the low-energy gamma radiation from a 1 in. thick uranium metal rod, in 
which the daughter activity is in equilibrium, is shown in Fig. 1. There is a complex peak at 90-100 
keV, caused mainly by **Th and uranium X-radiation. There is apparently a continuous background 


under the *°U gamma line at 184 keV. (The counter background has been subtracted in all curves 


orbitrary units 


Intensity, 


Ta) =r 


Pulse height, 


Fr Gamma spectrum of nat 


shown.) It was shown that the magnitude of this background wa lependent of the U concen- 


tration over the rat 2 10~* to § 10-* and amounts to 78 per cent of the radiation from 
natural uranium metal in the energy band 164-196 ke\ 
Fig. 2 shows the spectra from uranyl nitrate crystals with a L concentration of 4 10°. and 


from solutions containing different amounts of this salt. The background increases with the atomic 


stopping power of the source 

Fig. 3 shows the spectra from sources of different thickness of natural uranium metal: when the 
thickness of metal is less than the range of 2:3 MeV /j-radiation caused by the daughter of “*U, the 
background decreases 

These experiments have shown that this background 
-radiation stopped in the source, and not to ¢ ompton backgr 
*4Pa nor to a high-energy “tail” caused by poor resolution of t 

The uranium salts and metal used in the experiments descr 
active daughter products **Th and **Pa Spectra were als 
sample of U,O,, and it was found that the bremsstrahlung backg 


the 24 day half-life of ™*Th, as shown in I ig. 4 


Conclusions 


The radiation at 184 keV from a sample of urani a mixture radiation from **U and 
bremsstrahlung. This bremsstrahlung results main ‘ . fron ‘Pa (a daugh 
L line depends on the 


being stopped in the sample. The amount of bremsstrahlu 
85.) concentration and the size, nature and chemical history of th imple Thus, at near natural 


of y-radiation at 184 keV can only provide a good measure of 


level, measurement of the intensity 

U content when the daughter activity is removed (e.g. Mever'®’) o n a correction for the back- 

ground is applied (e.g. Morrison and CosGrove™’). This correct $ constant for samples of 


similar size and composition only when the dé ughters are in equilibrium; it is small for dilute 


solutions and for samples which are thin compared with the range « 
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Unstable hydration of hydrochloric acid in tri-n-buty! phosphate 


(Received 27 October 1959) 


IN earlier studies on the solute-solvent interaction in the system hydrochloric acid-water-tributy! 
phosphate,"’’ (TBP), equal amounts of aqueous hydrochloric acid (of various concentrations) and of 
TBP were mixed together, the equilibrium phases were immediately separated, and the hom geneous 
organic phases were stored in a thermostat. After a few days it was observed that several of the 
homogeneous TBP phases had become heterogeneous; a second phase had been formed. The 
second layer, once formed, could not be returned to the organic phase. This phenomenon appeared 
in the above system when the initial aqueous hydrochloric acid concentration was ~6 N or higher 
This observation prompted us to investigate this “dehydration” phenomenon more closely 

When Studying the species formed in heterogeneous equilibrium between aqueous hydrochloric 
acid and pure TBP, we found that two well-defined species exist. The first, formed at lower initial 
aqueous acid concentrations, has the composition [(Bu,PO,),.,HCI(H,O),]; the second, formed at 
higher initial acid concentrations in the aqueous phase, has the general formula [Bu,PO,.HCI.(H,O) s). 
rhe first compound is formed completely when the initial aqueous acid concentration is ~6:3 N: 
as the acid concentration increases, the second compound is formed, the formation being complete 
at a concentration of ~10 N. Dehydration of the organic phase commences when the first compound 
is formed 

Five millilitres of 12-15 N hydrochloric acid and 5 ml of purified TBP were mixed together in a 
10 ml centrifuge tube graduated to 0-1 ml and mechanically shaken for 15 min. Excellent phase 


separation was obtained after a few minutes’ centrifugation and the n sci could be read to within 
0-025 ml. Equilibrations were carried out at 26 IC, and the stoppered tubes were kept in a 
thermostatic water bath at 26 0-1C. New samples were prepared every 4-6 d tys and were kept 
in the water bath. The decrease in volume of the TBP phase with time was followed by reading the 
menisci at intervals of a few days. After about 40 davs the phases the ten samples which had 
accumulated were simultaneously separated. In each case the TBP phase was analysed for its water 
content by the Karl Fischer reagent and the aqueous phase for its acid concentration 
Dehydration of the TBP layer is accompanied, as mentioned, by a decrease in its volume. I quili- 


bration of equal volumes (5 ml) of concentrated HC! and TBP results swelling of the TBP phase, 


giving 6°55 ml of the organic phase and 3-45 ml of the aqueous phase. Neglecting the extremely low 


solubility of TBP in aqueous hydrochloric acid,'*’ the 6-55 ml of the organic layer contains 18-35 
mmoles of TBP. After a period of about 30 days, when apparently no further chan: ge in volume takes 
place the organic phase, initially 655 ml, had decreased in volume by ~0-35 ml. and the ;gueous 


layer had increased by this volume from 3-45 to 3-80 ml. By aro igh ca tion, 0-35 ml corresponds 


18-3 mmoles of water. Thus, each mole of TBP releases | mole of water. The decrease in acid 
normality of the equilibrium aqueous phase (10 per cent) proves that ¢ increase in volume of the 
aqueous layer (~10°.) during the 30 day period is due exclusively to its dilution by pure water 
released from the equilibrium organic phase. The freshly-equilibrated organic layer contained 


~56 mmoles of water, decreasing during a period of about 30 days to an apparently constant value 
of ~37 mmoles. The first value corresponds to approximately 3 moles of water per mole of TBP, 
and the second to a TBP : H,O ratio of two 

The fresh — organic layer contains the trihydrate of the TBP-HC! complex for a period 
of 2-3 days. Both tril rvdrate, dihydrate are present for the next three ks, and finally after about 
thirty days only the dihydrate is present; this seems to be the stable hydrated form of the TBP-—HC! 
complex. 

We have found no example of such unstable hydration reported in the literature. Further evidence 
in agreement with the above finding has been obt: uined in work on the extraction of hydrobromic 
acid by TBP 


Great caution is needed in drawing conclusions from the experimental results presented in this 

note. It is not yet clear whether this phenomenon represents a simple dehydration of the TBP-HC! 
trihydrate into the dihydrate (which might be related to differing stabilities of hydration by successive 


A. S. Keres, J. /norg. Nucl. Chem. In press. 
C. E. Hicotns, W. H. Batpwin and B. A. SoLDANO. J. Phys. Chem 63, 113 (1959), 
A. S. Kertes and V. Kerres, Canad. J. Chem. In press. 
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water molecules in organic solvents under the conditions of heterogeneous equilibrium in solvent 
solvent extraction processes), or whether it is the result of polymerization of the monomer molecules 
in the organic phase. A detailed examination of the problem is proceeding. 

4. S. Kerres 


Department of Inorganic and Analytical Chemistry 
The Hebrew University, Jerusalem, Israel 


The Szilard-Chalmers reaction in cis- and trans-dichloro- 
bis-( ethylenediamine )-cobalt(III) nitrate* 


( Received 29 October 1959) 


WE have studied the chemical effects of the *Co(n, 7)*"Co and “Cl(n, y)**Cl reactions in the cis and 
trans isomers of crystalline [Co(en),Cl,]NO, Samples were irradiated at dry-ice temperature, in the 
Brookhaven reactor, at a thermal neutron flux of 1-1 10'* n/cm*® sec™' and a cadmium ratio of 38. 
All radioactivity measurements were m ide on liquid samples in a well-type scintillation counter with 


a Nal detector 
Samples for the study of °"Co recoil species were irradiated in plastic containers for 5 min and 
stored in dry ice until the 10-5 min *’"Co and 37:5 min **Cl had decayed. The percentage of the 
Co found as cis- and as trans-[Co(en),Cl,]NO, after irradiation of a given isomer was determined 
by a specific activity measurement. Samples of the cis and frans nitrates were 1s lated from a stock 
vhich contained the irradiated salt and carrier of the other isomer, and purified by fractional 


crystallization to constant specific activity. Concentrations of the two isomers in the stock and in 


solution 


solutions of the purified fractions were measured colorimetrically and aliquots of each solution were 
counted. The percentage of the *°Co as Co** and forms exchangeable with Co** was determined by 


extracting a solution of the irradiated salt with 8-hydroxyquinoline. The results are shown in Table 1, 


TABLE | DISTRIBUTION OF *"Co 


Post-irradiation as parent as other 


Target compound 
treatment isomer isomer 


cis-[Co(en).Cl,]NO none 3 03 
trans-[Co(en),Cl,]NO none 5 82:3 04 
cis-[Co(en),Cl,]NO, innealed | 

hr at 100 € 
trans-[Co(en).Cl,] NO, annealed | 

hr at 100 € 


where “°, as other isomer” refers to the activity found in the trans form when the cis salt was 
irradiated, and vice versa. The errors quoted are average deviations. 

Samples for **C] recoil study were irradiated for 10 sec and the percentage of the **Cl as the 
parent compound determined by the methods above, with the modification that aliquots for counting 
were treated with hydrogen sulphide to decompose complex ions and remove as the sulphide all 
interfering cobalt activity. Exchange between the complex ions and chloride ion should not occur 
under these conditions."*’ The percentage of the **Cl as chloride ion was measured by passing a 


solution of the irradiated salt through a cation exchange resin under conditions which minimized 


aquation of the complex ion. Silver chloride was precipitated in the effluent and carried down 


virtually all of the anionic **Cl. The results of these experiments are shown in Table 2. The effect 
of post-irradiation annealing was studied with samples irradiated in quartz ampoules, heated at 
* Research performed under the auspices of the U.S. Atomic Energy Commission 


1) G. W. Ertie and C. H. Jounson, J. Chem. Soc. 1490 (1940). 
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100 'C for | hr by immersion in boiling water, and analysed for activity in the cis and trans forms. 
These data are also shown in Tables | and 2. 

These results permit comparisons between the recoil behaviour of hexa-co-ordinated central 
atom and a univalent ligand atom in the same target molecule, as we s comparisons between two 
structural isomers of the same compound. Several interesting features can be seen from the data 


rhe percentage of the total activity in the parent form, the retention, is distinctly larger for **C! than 


Tasie 2.—DISTRIBUTION OF 


Post-irradiation as parent 
arget compoun 
treatment isomer 


cis-[Cofen),Cl, JNO, none 
none 
annealed | 
100 ¢ 
annealed | 
at 100 ¢ 


for *"Co, in both cis and trans targets. Since bond rupture should be more favourable for **C! 
recoils, the data demonstrate that retention of activity for both *°Co an nust be due to secondary 
processes rather than any failure of the target molecule to rupture. I both °"Co and **C! the reten- 
tions for frans targets are greater than those for cis, while the percentage of the activity in the 
unco-ordinated form is in the reverse order 

Perhaps the most significant result is that there is very little "Co « Cl which appears in the 
other isomeric form for either cis or trans targets The data for the vield the other isomeric forms 
are all based on low counting rates and the true values are probably ser to zero than the data 
would indicate. This result is similar to that obtained by Zuper,'?’ whe lated d-[Co(en),}(NO,), 
and found the yield of *°Co to be 4-5 per cent in the dextro form and 0-5 per cent in the laevo form 

The data on the annealed samples show marked increases in retention but no significant increases 
in the activity as the other isomeric form. The changes in the retention of *“Co were 39-8 1-3 per 
cent and 40-7 2:1 per cent for cis and frans targets respectively, while those of **Cl were 55-4 
1-2 per cent and 54-6 1-3 per cent 

It is evident from these results that the post-irradiation process by which activity is incorporated 
into the parent chemical form, which clearly requires thermal activation, exhibits the same isomeric 
specificity as the corresponding process occurring during the slowing down of the hot atom. This 
common specificity suggests that there may not be a sharp distinction between the two types of process 
and that similar factors may control both. Harsorrie and Sutin’ have recently proposed the 
“hot-zone™ model of recoil processes which attempts to describe both initial recoil and subsequent 
annealing reactions. This model, in which each recoil atom is thought to produce atomic displace- 
ments anda high transient temperature in a small region of the crystal, regards the annealing reactions 
as the continuation of processes which are quenched by the rapid co« of the hot zone. The 
Stereospecificity mentioned above would seem to confirm this view. A stereospecific factor for both 
the initial and post-irradiation reactions is provided by the undisturbed crystalline phase surro inding 
the recoil site. This phase could serve as a template for the formation of radioactive parent molecules 
in the bulk configuration and prevent its formation as the other isomer, provided the reactions that 
form the parent compound occur at energies low enough to reflect the different stabilities of the cis 
and trans isomers in a given lattice 

H. E. RAUSCHER 

Departments of Chemistry, Brookhaven National Laborator\ N. SuTINn 
Upton, L.I., N.Y. Columbia University, New York, N.) J. M. MULLer 


* A.V. Zuper, NYO-6142 (1954) 
*) G. Harsorrie and N. Sutin, J. Phys. Chem. 62, 1344 (1958): Advances in Inorganic and Radiochemistry 
Vol. I, p. 369. Academic Press, New York (1959) 
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The convenient laboratory preparation of borazole 
(Received 11 November 1959) 


THE chemistry of B,N,H,. borazole, has received an ever increasing attention since its discovery by 


Srock in 1926. Srock’s original preparation from ammonia and diborane requires use of high vacuum 
techniques and consequently lacks general utility Thermal decomposition of a mixture of LiBH, or 
NaBH, with NH,CI is somewhat better but is difficult to use for large preparations owing to simul- 
taneous formation of significant amounts of diborane as a by product.'*) More recently reduction 
of B-trichloroborazole with LiBH, or NaBH, in various solvents has proved to be convenient."*-* 
rhe formation of 1-5 moles of B,H, per mole of ByCl,NjH, used, necessitates special precautions and 


makes the reaction difficult to use on a large scale. A modification of this reaction which avoids 
these difficulties is described in the present paper 

Neither borazole nor B-trichloroborazole react rapidly with tertiary aliphatic amines at room 
temperature or below. Simple incorporation of a suitable amine in the solvent results in a procedure 
no more d fT 


icult than those normally used for handling somewhat moisture-sensitive substances, 


oresumably by reacting rapidly and completely in situ with the diborane as it is liberated 


Experimental 


The B-trichloroborazole used in this investigation was prepared by reaction of ammonium 
chloride with boron trichloride at 200 ¢ The sample used in this investigation was prepared by 
Mr. GERALD BRENNAN in 1957 and had been stored in a 2 |. stoppered flask without additional 


otection since that time. Sublimation of a portion of it 


t showed the sample to still be of greater 


nr 


than 99 per cent purity. Commercial sodium borohydride was used without further purification. 
The dimethyl ether of diethylene glycol (diglyme) was refluxed over calcium hydride and subsequently 


distilled from lithium aluminum hydride. Commercial tri-n-butylamine was refluxed with acetic 


anhydride and distilled at atmospheric pressure 
In a typical preparation, a 2 |., three-neck flask equipped with a mechanical stirrer, reflux con- 
denser, and dropping funnel was charged with 77 g of NaBH, dissolved in about 600 cm* of diglyme 


The flask was chilled to 0 and 380 g (about 25 per cent excess) of tri-n-butylamine were added with 


igorous stirring. The reaction flask was flushed with a slow stream of dry nitrogen and a solution of 
100 g of B,CI,N H, in 250 cm® of diglyme was added to the flask dropwise over a | hr period The 


stirring was continued for 30 min after the addition was complete 

The reaction flask was attached to a spiral reflux condenser, cooled with a salt-ice bath, and the 
reaction mixture distilled under high vacuum, first at room temperature and later with gentle heating 
to 40-50. Borazole and some ether collected in a dry ice-cooled trap. The crude borazole was 
transferred to a Podbielniak distillation column which had been previously flushed with nitrogen. 
The c finger in the distilling head was cooled with circulating brine and the mixture distilled at 
atmospheric pressure. The receiving flask was cooled with an ice-bath and a fraction of 20-3 g 
(corresponding to approximately a 46 per cent yield) boiling at 545° was collected. The vapour 
pressure of this fraction was 86 mm at 0 compared to 85 mm for pure borazole. A gas chromato- 
gram showed one additional component to be present to the extent of less than one percent. Mass 
spectrometric investigation of the impurity (separated by conventional vacuum line techniques) 


ailed to identify the component but showed it to be boron-free. Infra-red examination shows the 


substance to contain carbon—hydrogen bonds and the material apparently arises from ether cleavage. 


Discussion 


Tri-n-butvlamine was chosen for this preparation since it was a high boiling, aliphatic, tertiary 


amine available from stock. In preliminary investigations triethylamine was used and worked 
A. Stock and E. PoHLanp, Ber. 49B, 2215 (1926) 


W. Scuaerrer, R. SCHAEFFER and H. I. J. Amer. Chem. Soc. 73, 1612 (1951) 


R. SCHAEFFER ef ai J. Amer. Chem. S 76, 3303 (1954) 

‘) L. HoOMNSTEDT, Abstracts of Papers presented at the 133rd Meeting of the American Chemical Society in 
San {pr 1958 

"CC. A. Ba and A. W. LauperGayer, J. Amer. Chem. Soc. 77, 3699 (1955). See also G. BRENNAN, 
M.S. thesis, lowa State University, 1957. This compound is now available in developmental quantities 


from the U.S. Borax Research ( orporation 


Vol 
12 


1959 


6 


Notes 381 


satisfactorily but proved difficult to remove completely from the desired product. Other suitable 
amines could no doubt be substituted. 

For large scale preparation, recovery of the amine borane and reconversion to free amine and 
sodium borohydride by treatment with sodium hydride might be worthwhile."*’ The net reaction in 
that event corresponds to reduction of the haloborazole wtih sodium hydride 


Acknowledgement—The authors gratefully acknowledge the financial s ipport of the National Science 
Foundation Grant No. G 6224 which made this investigation possible 
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LETTERS TO THE EDITOR 


The decomposition of nitric acid co-extracted with 
uranyl nitrate into tributyl phosphate 


(Received 13 August 1959) 


THE co-extraction of nitric acid and uranyl nitrate by tributyl phosphate (TBP) was reported in a 
previous paper It is often observed that when the nitric acid co-extracted with uranyl nitrate is 
kept in the organic phase without back-extraction, the nitric acid gradually decomposes. This 
phenomenon is investigated in the present study 

Extractions were carried out at 20 C in the manner described in the earlier paper.'*’ Afterwards, 
the organic phase was separated from the aqueous one, and kept at 20 C in the light. After a definite 
time the total amount of nitric acid in the organic phase was determined with the method reported 
in a previous paper.'’’ The percentage decomposed is expressed as (C,-C,/C,) 100, where C, is 
the initial nitric acid concentration in the organic phase and C, is the concentration found after 
storage 

Table | shows the decomposition behaviour of the extracted nitric acid during storage in light. 
In this case a solution of 5 g/l. of uranyl nitrate was extracted with TBP solutions in kerosene. 


TABLE | 
HNO, conc Percentage decomposed after 
TBP cone (M) 
(°%) (original 
aq.) 1 day 3 days 7 days 15 days 30 days 60 days 

0 13 0 0 0 0 0 0 
13 12:1 17-8 22:2 37-0 40-0 44-6 
yy 3 0 0 0 0 0 0 
y 6 0 0 0 0 0 0 
39 0-14 0-35 0-40 0-42 0-65 0:70 
39 13 5-32 15-9 32-5 33-0 
58 13 5-96 9-25 12-5 15-8 17-5 17-5 
97 13 0 0 0 0 0 0 


From Table | it is observed that the percentage of nitric acid decomposed increases at higher 
acidities of the original aqueous phase and lower TBP concentrations of the organic phase. It may 
be caused by the nitric acid being extracted into the organic phase (from the aqueous phase) beyond 
the formation of the HNO,TBP complex at high acidities.'*” And the decomposition of nitric acid 
attains to an approximate equilibrium after storage for about one month. The data presented in 
Table 2 were obtained in order to investigate the effect of the presence of uranyl nitrate on the decom- 
position of nitric acid. In this case solutions of 0, 1, 5, and 10 g/I. of uranyl nitrate were extracted 
with 19 per cent TBP with varying concentrations of nitric acid. After extraction, these organic 
phases were kept in light for two months 

From Table 2 it is seen that the presence of uranyl nitrate increases the decomposition of the 


) T. Sato, J. Inorg. Nucl. Chem. 9, 188 (1959) 
*») T. Sato, J. Inore. Nu Chem. 6, 334 (1958) 
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TABLE 2 


Percentage decomposed 
HNO, conc. (M) 
(original aq.) 


0 

0 

0-35 

0-90 

1-01 

1-87 

3-00 

25-6 44-6 


* Initial concentrations of aqueous uranyl nitrate solutions 


nitric acid co-extracted into the organic phase. This phenomenon may mean that the UO,(NOQO,), 
2TBP complex is stronger than that of HNO,-TBP. However, it is possible that the decomposition 
of nitric acid is due to reduction by uranium (IV) resulting from the photochemical reduction of 
uranium (VI) in the organic solvent." 
Acknowledgement—The author thanks Mr. T. Goro of our Institute for assistance with the experi- 
mental work. 
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* C. F. Bags, A. ZiInGARO and C. F. Coteman, J. Phys. Chem. 62, 129 


The chemistry of decaborane II iodination in solvent’! .”’ 


(Received 6 November 1959) 


r'HE reported method"? for iodinating decaborane, heating iodine and decaborane in a sealed tube, 
does not conveniently lend itself to large scale preparation and the s ibsequently facilitated study of the 
reactions of the iododecaboranes. For this reason, iodination in solvent was attempted 

Only an insignificant amount of iodination could be effected in hydrocarbon solvents at 100° even 
at high concentrations of decaborane and iodine. This was surprising since it was noticed that the 
solventless reaction in a sealed tube took place only above the melting point of decaborane; that is, 
in the liquid state. However, when equimolar quantities of iodine, freshly recrystallized decaborane 
and aluminium chloride were refluxed in carbon disulphide for 8 hr, the reaction proceeded smoothly 
and completely. The crude product contained no diiododecaborane iccording to the mass spectrum '* 
and consisted of 2-iododecaborane and 5-iododecaborane in the ratios of 65-35 according to infra- 


red analysis‘*’ which is the same as that reported for direct iodinatior 


') For previous paper see M. HILLMAN, Abstracts of the Meeting of the 135th American Chemical Society 
Boston, Mass., April 1959. p. 44-M; J. Amer. Chem. Soc. In press 

*) This work was supported by Air Force Contract 33(600)-33920 

*» A. Stock, Hydrides of Boron and Silicon. Cornell University Press, Ithaca (1933) 

‘*) We are indebted to Dr. J. H. Norman of these laboratories and his staff for the mass spectrum 

'*) We are indebted to Miss D. M. Rosins of these laboratories for the quantitative infra-red analysis 
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That such widely divergent conditions (sealed tube, high temperature, no solvent and solvent, 
catalyst, low temperature) should give the same ratio of isomers indicated that the possibility of the 
two isomers being formed by different mechanisms is remote rhe reaction forming both isomers is 
apparently the attack of a positive iodine ion on an electron-rich centre. For the 5 position to be 
electron-rich, even secondary to the 2 position, is contrary to Lipscoms’s'*’ analysis of the molecule 
which placed positive charges on the 5 position. However, Lipscoms’s original analysis did not take 
the bridge hydrogens into account. More recent work'”’ apparently amending the previous approxi- 


mations places the positive charges on the 6 and 9 positions Phe 5 position might then have electrons 


available for an attack of an electrophilic reagent to the relative extent indicated by the ratios of 


isomers formed 


M. HILLMAN* 
Energy Division 


Olin Mathieson Chemical Corporation 
Niagara Falls, New York 
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Chem. Soc. 81, 754 (1959) 
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ANNOUNCEMENT 


THt ORNL Master Analytical Manual, which may be of interest to analytical chemists, 
is now available in reprinted form. The Manual is a collection of the analytical 
methods that are in use in the Analytical Chemistry Division of the Oak Ridge 
National Laboratory. The reprinted form of the Manual can be purchased from the 
Office of Technical Services, Department of Commerce, Washington 25, D.C., in the 
following form 


Section Methods 


lonic 
Radiochemical 
Spectrographic 
Nuclear Analyses 
Process 
* Sections 3 and 5 are bound together. The Table of Contents for the complete 
Manual is bound with the separate sections. 
Annual supplements are issued to the Manual; these will also be available from 
the Office of Technical Services. 
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ERRATUM 
F. A. Corron and G. W. GeorGe: Properties of SF, and Its Adduct with BF,. 
J. Inorg. Nucl. Chem. 7, 397 (1958). 


Seet and Detmer"’’ have recently reported that [SF,*BF,~] vaporizes to SF yg 
BF.,¢, with an enthalpy of vaporization of 25-5 kcal/mole. Our van’t Hoff equation‘*? 
(log p = 12-8—3230/T) differs somewhat from theirs (log p = 11-34-2783/T). Our van’t 
Hoff equation gives a AH of 29-6 + 2 kcal/mole, not 14-8 + | kcal/mole as we 
incorrectly reported.‘*) Similarly, the data of SHert, MARTIN and Katz for 
BrF were incorrectly treated by us. The correct 
enthalpy of vaporization, 27-8 kcal/mole, obtainable from their data is twice the value 
(13-9 kcal/mole) we reported. 
F. Stet and O. Dermer, Z. Anorg. Chem. 301, 113 (1959) 


I A. ¢ N nd J. W. Georoe. J. Jnore. Nu Chem 7. 397 (1958) 
1. SHEF \. F. Martin and J. J. Katz. J. Amer. Chem. Soc. 78, 1557 (1956). 
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